pnc  QTJAury  inspected  « 


19970814 


A  Service  of: 


National  Aeronautics  and 
Space  Administration 

Scientific  and  Technical 
Information  Program  Office 

Center  for  Aerospace  Information 


Nv 


S 


i 

t 


CONTROL  AUGMENTATION  AND  WORKLOAD  REDUCTION  BY 
KINESTHETIC  INFORMATION  FROM  THE  MANIPULATOR 

S.J.  Herhav  and  0.  Ben  Ya'acov 

Department  of  Aeronautical  Engineering , 

Technion  -  Israel  Institute  of  Technology, 

Haifa,  Israel 


SUMMARY 


This  paper  is  concerned  with  control  augmentation  and  workload  reduction 
by  means  of  kinesthetic  information  provided  by  the  manipulator.  The  control 
stick  is  loaded  by  a  torque  motor  and  the  system  is  so  interconnected  that  it 
presents  complete  kinesthetic  input  and  output  information  from  the  controlled 
plant.  Thus,  the  control  task  involves  the  same  kinesthetic  cues  and  the  lOw 
workload  as  in  nonintermediary  handling  of  objects.  It  is  demonstrated  that 
within  20  rad/sec,  which  is  the  effective  bandwidth  in  manual  control,  the 
method  is  realisable  for  a  large  variety  of  plants  which  may  be  unstable  and 
time  varying.  Tracking  and  regulating  tests  demonstrate  that  very  substantial 
improvements  in  accuracy  and  reduction  in  workload  are  obtained  in  comparison 
with  ordinary  isotonic,  isomorphic  or  isometric  manipulators.  A  test  for  the 
fixed  set  point  regulation  task  involving  a  second  order  plant  reveals  that 
the  control  force  law  involved  is  strikingly  similar  to  that  of  a  linear  regu¬ 
lator  with  an  energy  constraint  obeying  a  quadratic  performance  criterion. 

The  corresponding  theoretical  closed  loop  transfer  function  is  in  agree.iient 
with  known  linear  models  of  the  manual  neuro-muscular  system. 


INTRODUCTION 


With  the  advent  of  high  performance  aircraft,  attention  has  focused  on 
display  augmentation  and  control  augmentation  systems  (CAS) .  This  paper  is 
concerned  with  a  special  form  of  CAS,  in  which  complete  kinesthetic  informa¬ 
tion  is  provided  by  the  manipulator.  Conventional  manipulators  are  essen¬ 
tially  passive  linear  transducers  which  translate  manual  commands  into  elec¬ 
trical  input  signals.  In  accordance  with  control  theoretic  man-vehicle  mod¬ 
els,  e.g.,  McRuer  et  al  [1],  Kleinman  et  al  [2],  the  generation  of  these  ma¬ 
nual  commands  require  state  estimation  and  optimum  weighting  which  are  exe¬ 
cuted  by  the  functions  of  visual  perception  and  cerebral  data  processing  of 
the  central  nervous  system.  This  explains  the  considerable  workload  generally 
experienced  in  the  manual  control  of  dynamical  systems.  Several  studies  in 
recent  years  attempted  to  reveal  whether,  and  to  what  extent  isotonic,  iso¬ 
morphic,  isometric,  inertia  loaded,  or  other  passive  manipulators  affect 
tracking  and  regulation  performance  [5,  4], 
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Since  the  muscle  spindles  and  Golgi  tendons  in  the  manual  neuromotor 
system  provide  position  velocity  and  force  measurements  [5],  different  com  i- 
nltiol  of  neuromotor  loop  closures  should  be  involved  in  the  operation  of 
varioS  types  of  passive  manipulators.  Recent  laboratory  open- .oop  tracking 
SSs  [6]^ave  indeed  revealed  significantly  different  motor  noise  levels  in- 
differences.  They  become,  however,  insignificant  in  closed  loop 
iSs  afaTesult  of  fL  overriding  snperviaory  visual  !»0P 
The  dominant  factors  which  determine  performance  and  stress  remain  plant  dy- 
•-C  anrl  <;vstem  incuts  since  the  operations  of  state  estimation  and  optimal 
"^'"ahting^r^l  are  esL^tially  the  same  with  all  types  of  passive  manipulators. 
irS^eSsliig  attempt  to  overcome  this  shortcoming  of  passive  manipulators  is 
dL  ^^He^og  [7]  (1969),  who  studied  the  effect  of  a  "matched  manipulator 
It  ideally  cLsists  of  a  plant  inverse  operator  at  the  input  of  the  controUed 
Maif  Thus,  the  human  operator  is  always  presented  with  a  tero  order  system. 
Torque  loading  proportional  to  the  plant  input  was  applied  to  the  manipulator 
so  that  an  illusion  of  "natural  feel"  was  provided.  Significant  improvement 
?n  bracking  accuracies  was  reported  [7]  even  when  the  manipulator  match  was 
iot  nerLc?  Two  maior  shortcomings  in  this  concept,  have  apparently  pre- 
ve^tL  its  emergence  from  the  laboratory  stage:  1)  Inadequacy  for  systems 
wUh  large  paraLter  variations,  as  present  in  high  performance  aircraft. 

\bseLe^of  response  to  e.xtemal  disturbances.  Thus  no  advantage  over  pas¬ 
sive  manipulators  e.xists  in  this  important  respect.  Other  investigations  with 
similar  tLhniques  for  the  control  of  unstable  systems  were  reported  by  Noggle 
rsT  rSeS  and  more  recently  a  tactile  display  of  angle  of  attack  was  reported 
by  Gilson  et  al  [9]  (1974) ,  in  particular  when  much  attention  was  required  i 

the  visual  channel. 

The  encouraging  results  obtained  by  these  previous  researchers  were  mo¬ 
tivating  faSSs  in  the  work  presented  in  this  paper.  Its  specific  objectives, 

however,  are: 

n  The  method  should  improve  control  performance  and  reduce  work-load  for  a 
large  variety  of  dynLical  systems  and  the  design  should  not  require  ad¬ 
justment  of  parameters  for  different  systems. 

2)  The  design  should  be  realizable  for  time  varying,  high  order  stable  or 
unstable  plants. 

3)  The  system  should  provide  complete  kinesthetic  cues  including  the  effect 
of  external  disturbances. 

4)  Comparative  evaluations  with  conventional  manipulators  should  consider 
both  accuracy  and  workload. 

These  goals  have  been  reached  and  the  results  have  been  experimentally 
demonstrate  by  means  of  a  specially  constructed  single  axis  torque-motor- 
loaded  manipulator  suitably  integrated  into  the  control  loop. 
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2.  BASIC  MANIPULATOR  MODELS 


Figs,  la-lc  schematically  describe  the  interconnections  of  basic  manipu¬ 
lators  with  the  man-machine  system,  and  their  corresponding  kinesthetic  feed¬ 
back  paths.  The  diagrams  suggest  that  the  commanded  scalar  control  Uc  (con¬ 
sists  of  a  contribution  ul  from  the  central  nervous  system  which  comprises 
visual  perception  and  cerebral  processing  and  a  contribution  from  the  ma¬ 
nual  neuromuscular  cent  .  associated  with  the  cerebellum.  In  the  sequel  it  is 
shown  that  the  t>-pe  of  manipulator  determines  whether  the  visual-cerebral  or 
the  manual  neuromotor  center  carries  the  main  burden  in  the  control  task.  A 
desired  goal  is  clearly  to  achieve  the  latter.  A  control  theoretic  approach 
that  in  either  case,  estimates  r  and  u  of  the  system  state  £  and  con¬ 
trol  force  u  are  available  so  that  an  optimal  weighting  matrix  can  be  set  in 
accordance  with  a  suitable  performance  criterion.  Fig.  la  represents  the  si¬ 
tuation  of  the  noninterraediary  handling  of  an  object  (natural  feel) .  In  this 
case  the  system  output  -j  equals  the  manual  deflection  a.  T,-,  the  torque 
exerted  by  the  muscle  output  equals  the  reaction  torque  To  and  is  identical  to 
the  plant  control  input  u.  The  muscle  spindles  ffgp  measure  position  z  -  zi 
velocity  X  =  X2  from  y  [1,  5].  The  Golgi  tendons  [1]  Gfc  measure  or  u  _ 
These  signals,  corrupted  by  their  corresponding  measurement  noises  vp  and 
vield  the  estimates  and  Thus,  the  optimal  setting  of  ly  is  possible 
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FIGURE  la. 


Schematic  description  of  the  manual  control  system  in  ordinary 
aoriintenaGdiary  haiidling  tasks. 


ana  =  -I„x„is  a  substantial  contribution  to  the  control  signal  .  Con¬ 
sequently  the  contribution  of  the  visual  center  uj  =  -U  Xv  will  be  comparati¬ 
vely  small  This  explains  the  small  workload  involved  in  nonintermediary 
handling  of  objects  and  the  relative  ease  of  manual  operations  in  darkness  or 
with  closed  eves.  Only  in  operations  which  require  e.xtreme  precision  (as  the 
threading  of  a  needle?”  the  main  burden  is  on  the  visual  channel  since  a  large 
Zy  is  required  to  suppress  the  effect  of  7^  and  7p.  This  is  possible  since 
Yy  is  very  small  by  comparison. 

Fig  lb  describes  the  man-machine  system  with  a  conventional  isomorphic 
manipulator.  The  kinesthetic  information  path  is  now  disconnected  from  the 
plant  output  i..  c,  the  manipulator  deflection  is  proportional  to  u.  Since 
n.  =  T-  \l<.  -  spring  constant),  and  Gp  both  provide  measures  of  u  only. 

Sincexvis  not  present,  the  setting  of  “^^st  be  zero  so  that  -  0.  Con- 

sequent^iv,  the  central  nervous  system  must  take  the  entire  control  task  load 
and  the  optimal  setting  of  is  consequently  high.  The  lack  of  kinesthetic 
information  from  the  system  output  thus  explains  the  considerable^ workload 
which  prevails  with  all  types  of  passive  manipulators,  isotonic  {<  *  0),  iso¬ 
morphic  [Z<  ^  0)  and  isometric  C<  =  “) .  Only  in  the  special  case  of  a  zero 
order  plant',  v  «  c?,  so  that  Gp  provides  information  proportional  to  x  and  the 
setting  of  Z  v  is  high.  This  e.xplains  the  small  work  load  e.xperienced  in  the 
control  of  Tero  order  systems. 


HEUttOMOtOtl  ruWCTlOwS 


FIGURE  lb.  Schematic  description  of  the  manual  control  system  with  a  passive 

i  c oTTio-rriV, i "’anirulatcr . 

- - 
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NCUROMOTOfI  FUNCT.ONS 


figure  Ic.  Schematic  description  of  the  manual  control  system  with  a  "matched 
manipulator"  according  to  Hercog  [7], 


Fie  Ic  represents  the  idea  of  kinesthetic  feedback  by  a  "matched"  ma¬ 
nipulator  according  to  Hercog  [7].  The  manipulator  output  signal  is  fed  into 
an  inverse  plant  operator.  Thus,  ideally  y  is  proportional  to  o  and  effecti¬ 
vely  the  system  acts  like  the  cero  order  system  mentioned  above.  In  addition, 
however.  To  =  AHu  (A  -  amplifier  gain,  H  -  torque  motor  constant)  provides  a 
measure  of  the  actual  control  effort  and  the  situation  of  "natural  feel  as 
described  in  Fig.  la,  in  principle,  reestablished.  However,  since  the 
kinesthetic  information  path  is  actually  disconnected  from  y,  the  system  can¬ 
not  react  to  external  disturbances  w.  Thus,  in  this  important  aspect  -  the 
method  has  no  advantage  over  conventional  passive  manipulators.  Another  limi¬ 
tation  is  the  impossibility  of  maintaining  the  match  of  the  inverse  operator 
if  G  (s)  undergoes  substantial  parameter  variations.  Moreover,  the  method  is 
inadequate  for  unstable  plants. 


In  the  following  section  it  is  shown  how  complete  kinesthetic  input  and 
output  information  can  be  provided  and  that  the  method  involved  can  be  imple¬ 
mented  for  a  large  variety  of  stable  and  unstable  plants  which  may  undergo 
large  parameter  variations. 
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3. 


REALIZATION  OF  MANIPULATOR  SYSTEM  WITH  COMPLETE 
KINEJTHETIC  INFORMATION 


Let  G  (s)  denote  the  plant  dynamics.  Instead  of  an  inverse  operator 
G-^(s)  in  tandem  as  indicated  in  Fig.  Ic,  the  inverse  operation  can  be  ap¬ 
proximated  by  placing  Gc(s)  in  the  feedback  path  of  a  high  gain  amplifier  ^  as 
shown  in  Fig  2  ,  and  compensation  networks  to  ensure  stability  of 

the  corresponding  feedback  loops.  The  plant  input  u  is  amplified  by  the  power 
amplifier  ^  driving  the  torque  motor  which  is  mechanicaUy  linked  to  the  ma- 
nipulator  and  the  pick-off.  Since  G^is)  U(s)  =  Y(s)  and  [Y c(s)-I(3)]KNi(sy  - 
=  U(s),  it  follows  that: 


Y(3)  ^ 

Yg  (s) 


Ni(s)G. (3) 


If  is  possible  to  maintain  the  condition 
K  »  l/Ni(3)Gg  (3) 

up  to  the  frequency  of  oj  «  20  rad/sec,  ivhich  is  the  effective  bandwidth  in 


FIGURE  2-  Realization  of  manual  control  system  with  complete  kinesthetic 
in  fo  xma  t  X  0 1 1 . 
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manual  control,  then  from  (1)  one  has: 


Y(.i)  =^Y(s)  (3) 

c 

Since  *  2  (Fig.  2),  it  follows  that  the  kinesthetic  feedback  path  from  a  is 
equivalent  to  that  from  y  in  Fig.  Ic.  Since  N2(s)  is  in  practice  a  wide  band 
network,  it  follows  that  To  u  in  the  relevant  frequency  band,  and  it  is 
equivalent  to  the  direct  reaction  torque  To  in  Fig.  Ic.  In  view  of  (2), 
equality  (3)  is  insensitive  to  wide  parameter  variations  in  ^^(s)  and  if  Ni(s) 
is  suitably  designed,  (3)  holds  for  an  unstable  Gg(s)  as  well. 


It  is  e<*j.  ly  verified  that  the  reaction  to  the  external  disturbances  W(s} 
is  satisfactorily  provided  by  the  system  shown  in  Fig.  2: 

Y(3)  =  Gg(b-)  [U(s)  -  W(s)]  (4) 

U(s)  =  k:1i(s)  [Yc(s)  -  Y(3)]  (S) 


Thus, 


Y(3)  = 


K21 1 1 3  J  Gc  ( 3 )  y  /  ^  ] 

l+TJh(3)Gc(3) 


Gc  ( 3  ) 

l-hKIJi(3)Gc  (3) 


W(3) 


(6) 


In  view  of  (2)  and  since  :h(s)  «  1  in  the  effective  frequency  band. 


Y(3)  « 


Yg(3)  - 


W(3) 

K 


(7) 


Thus,  due  to  the  large  gain  K,  if  =  0,  the  response  to  the  disturbance  is 
effectively  eliminated.  The  torque  required  to  maintain  Yg(s)  =  0  is  deter¬ 
mined  by  substituting  (6)  into  (5),  and  deriving  U(s): 


(3) 


Thus, 


Ti  (s)  =  AHU(s)  «  AHW(3)  (9) 

The  value  of  A  must  be  so  adjusted  that  for  a  typical  disturbance  level  of 
w(3),  (s)  should  not  cause  muscular  fatigue. 

From  the  foregoing  it  follows  that  the  system  shown  in  Fig.  2  provides 
complete  kinesthetic  information  in  equivalence  to  Fig.  la.  It  fulfills  all 
the  requirements  regarding: 

Wide  variations  of  plant  parameters 

-  Unstable  systems 

-  External  disturbances 

it  now  remains  to  show  that  tne  condition  in  1.2J  which  underlies  the  validity 


of  the  concept  described,  can  indeed  be  guaranteed  by  practically  realitable 
networks  !ii(s)  and  N2(s) . 


4.  CONTROL  LOOP  DESIGN 


2 

The  initial  design  of  the  control  loop  was  carried  out  for  G^Cs)  =  1/s  . 
This  system  is  on  the  verge  of  instability.  The  networks  Ni(s,'  and  NzCs)  were 
then  checked  for  other  stable  and  unstable  forms  of  Gg(s).  The  detailed  block 
diagram  of  the  manipulator  feedback  loop  is  shown  in  Fig.  3.  The  brushless 
torque  motor  develops  a  maximum  torque  of  12  Kg-cm  which  is  stepped  up  by  a 
factor  of  4  by  means  of  an  antibacklash  gear.  The  transfer  function  of  the 
torque  motor  is: 


C(s)  214S 

e„(s}  s(s+S.5) (s+167) 


(10) 


TORQUE  MOTOR 

MANIPULATOR  MOUNT  PICK-OFF 


FIGURE  3.  Block  diagram  of  manipulator  feedback  loops. 

The  root  locus  of  the  inner  loop  involving  0^(3),  K  and  Ni(s)  is  shown  in 
Fig.  4.  The  complex  zeros  in  I3z(s)  (Fig.  3)  are  intended  to  arrest  the  complex 
pole  pair  arising  in  the  inner  loop.  The  lag-lead  network  (s+60)/(s+6)  is  in¬ 
troduced  to  increase  the  0  gain  of  the  loop  without  impairing  its  dynamic 
p(j7^£crxancc  within  the  2u  ..ckd/sec  uariu.  Tac  root  locus  of  the  complete 
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FIGURE  4.  Root  locus  of  inner  loop,  ('sJ  =  1/s^. 

manipulator  system  of  Fig.  3  is  shown  in  Fig.  3.  Since  all  the  closed  loop 
Doles  are  either  compensated  by  neighboring  leros  or  are  outside  the  .0  rad 
20  rad/sec  bandwidth,  the  required  proportionality  *  y  is  effectively  im¬ 
plemented.  On  replacing  G„(3)  by  1/s,  l/s(s-l),  l/(s  +0.66s+10)  whiie 
Gaining  the  same  values  for  N,(s)  and  Ni(s)  as  in  Fig.  it  was  round  that 
the  closed  loop  pole  locations  vary  only  slightly  so  that  a  u  is  guaranteed. 
The  gain  vielded  a  control  force  of  ~±2.5  Kg  for  s  =  ±20  .  The  complete  ^ani- 
pulaLr  is  depicted  in  Fig.  6.  It  should  be  noted  that  though  a  «  v  for  dif¬ 
ferent  Plants  0,(3),  large  differences  exist  in  the  corresponding  reaction 
torques  Tz-  For  a  given  command  output  since  Y(s)  w  ,  To  is 

given  bv 


To(s) 


Yc  (s) 

0,(3) 


AH  =  uAH 


(11) 


This  displavofw,  characteristic  of  each  (?<. /s)  is  essential  in  the 

the  human  operator  to  execute  optimal  or  near  optimal  control  inputs.  This 

is  demonstrated  in  the  next  section. 
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5.  OPTIMAL  CONTROL  IN  A  SECOND  ORDER  PLANT 

The  control  objective  is  "^iS^conSoU 

time,  subject^  ^f^he  time  history  of  four  such  tran- 

was  -  -^/s  •  ^  laboratorv  tests  and  the  corresponding  control  in- 

sient  responses  obtaine  results  demonstrate  the  remarkable  close- 

puts  u(t}  are  show.  «  d^amic  response.  This,  and  the  typ  - 

rafs^h^n?  sj^^tLiirSsTe^re^  ir 

Se'o^i:  iSfiSoTS  Se'^:rJr;nSnr™iytioai  .Sei  as  Toiious: 

The  state  space  representation  of  G^is)  is: 

112) 

x(t)  =  Ax(t)  +  Bu(t) 

.  -y^-,  n.  _  -  and  x-  =  r.  Tne  controlled  variable  is 

The  svstem  matrix  is  2x2,  -i  -  -  .^na 

(13) 

y(t)  —  C^ft) 

//,  r  ,t  J  _  f'  (1^0 

C(U0)  ;  3  =  (0,k)  ;  a  -  jj 
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The  performance  criterion  which  is  assumed  to  underly  the  control  policy  is 
the  minimization  of: 


J  =: 


oo 

+  QU^(t)}  dt 


(15) 


p  >.  0  is  the  weight  on  the  control  effort. 

In  accordance  with  Fig.  Ic,  the  observed  variable  is: 

z(t)  =  Cx(t)  +  Vy(t)  (16) 


where  represents  white  observation  noise. 

Let  .?  =  be  the  reconstructed  state  vector  provided  by  a  full 

state  observer.  The  optimal  control  law  is  then  given  by: 

n(t)  =  -  1  £(r)  (17) 

where  I  =  fl/p)  and  ?  is  the  solution  of  the  2x2  Ricatti  equation 
C^C  -  ?3B^F  +  .4^P  +  ?A  =  Q. 


The  result  is: 


The  full  state  observer  is  of  the  form: 


(18) 


x(t)  =  Ax(t}  +  Bu(t)  +  K[y(t)  -  C^(v)\ 


(19) 


where  y(~)  —  Cx(t) ,  and  K  —  (feijJca)  • 


Defining  eff)  =  x(t)  -  ^(t) ,  the  resulting  augmented  differential  equa¬ 
tion  interconnecting  x(t)  and  x(t)  for  the  closed  loop  system  [10]  is  given  by 


'r  ( t) ' 
s(t)  ^ 


0 


-BV 

A-KC 


'm  ( t) ' 
e(t) 


(20) 


The  characteristic  values  can  be  shown  to  be  those  of  A-BT^  (regulator  poles) 
and  those  of  A-KC  (observer  poles) . 

The  characteristic  equation  of  the  observer  is  of  the  fomi 
gZ  +  =  0.  Given  k  =  160  and  choosing  ki  =  /2kJ,  substituting  (14) 

into  (20) ,  the  numerical  solution  of  for  the  initial  conditions 

=  (XiiO)  .O.eiiO)  =  (xj  (0)  ,0,ri  (0)  ,0)r  yields  the  best  fit  to 

7  for  the  parameters  p  =  64,  fej  =  25  and  k^  =  312.  The  plot  of  the  com¬ 
puted  optimal  u(t)  for  these  parameter  values  is  shown  in  Fig.  8.  It  is 


FIGURE  8.  Computed  optimal  control  force  u(t)  for  the  fixed  set  point  regu¬ 
lating  task. 

P  =  64  k  =  160,  <1  =  25,  kz  *  312. 

easily  verified  that  the  closed  loop  transfer  function  Hc(s)  relating  y(3)  to 
u(s)  is  given  by: 


It  follows  therefore  that  with  torque  feedback  the  human  operator  strongly 
resembles  a  linear  optimal  regulator  with  obserx'^ation  noise,  subject  to  a 
quadratic  performance  criterion  with  an  energy  constraint  (15) . 

It  is  also  of  interest  to  compare  the  closed  loop  transfer  function  of 
(20)  with  the  neuromuscular  limb-manipulator  model  according  to  McRuer  et  al 
[15] .  From  this  model  it  follows  that  the  closed  loop  transfer  function  for  a 
purely  inertially  loaded  manipulator,  (equivalent  to  our  example  Gc(s)  -  k/s^), 
the  closed  loop  transfer  function  C(s)/U^(s)  (Fig.  Ic)  is: 
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(22; 


C(s_)_  ^ - d— 

Uc  (s) 


K  C. 

sp  I 


-  Muscle  spindle  gain  factor 

-sp 

^  3P/S/,  /  “  neuromotor  firing  rate,  P  muscle  tension 

-  Combined  limb-manipulator  mass 

p  -  dv/av,  muscle  damping  factor,  V  •  velocity. 

Since  To  =  AHu  and  since  U(s)  =  -'(sJs^/k,  it  follows  that  To(s)  *  AH/ks^YCsK 
T?i„r  AH/k  is  equivalent  to  a  mass  ■!.  With  the  given  torque  motor  gain  set- 
Sn!;  Ai  l  5!3  Kg  Since  c.-  «  it  is  justified  to  compare  (22)  to  (s)  in 
(;1k’  It  is  significant  that  they  are  of  the  same  form. 

The  corresponding  coefficients  are: 


parameters  B,„  and  Cf  can  var>'  widely  fS]  .  Thus,  for  different  values  of 
4e  neuromuscular  system  has  sufficient  freedom  to  maintain  ^e  optimal  pa- 
S^dictated  by  the  left  hand  sides  of  (23) ,  (24) .  This  iS  due  to 
the  independent  control  of  3„,  and  cy .  By  comparison,  the  measured  and  com¬ 
puted  values  of  u(t) ,  it  was  found  that  5,„  =  1.9  Kg  sec/cm,  which  is  in  the 
recion  ■'f  values  reported  in  the  literature. 

6.  PERFORMANCE  EVALUATION  METHOD 


From  Sections  2  and  5  it  follows  that  a  major  advantage  of  kinesthetic 
information  must  be  workload  reduction  since  the  strenuous  task  of  state  esti- 
rlzion  and  optimal  weighting  by  the  visual  perception  and  mental  processing  is 
nearly  eliminated.  In  order  to  evaluate  the  method,  two  requirements  had  to 

be  met: 

1.  The  evaluation  should  be  on  a  comparative  basis. 

2.  It  should  involve  workload  measures. 

Consequently  all  performance  tests  were  carried  out  so  that  every  type  of 
(3)  was  tested  both  for  the  kinesthetic  manipulator  mode  and  the 
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Slights  L 

either  the  isomorphic  or  the  kinesthetic  mode. 


The  specific  requirements  of  the  evaluation  method  were: 

It  should  provide  an  objective  measure  for  the  control  task  effort  for 
any  type  of  manipulator  or  controlled  plant. 

.  The  evaluation  method  should  present  a  control  task  which  is  similar 
to  that  encountered  in  flight  practice. 

.  The  operator  should  not  be  able  to  influence  the  outcome  by  adopting 
"clever  strategies." 


In  all  tests  the  primar:/  task  was  tracking  and/or  regulating 
stationary  random  input  or  disturbance  band  limited  to  ~1  rad/sec 
trol  test  was  single  axis  and  in  the  vertical  plane. 


Gq  (3)  for  a 
.  The  con- 


In  order  to  meet  the  foregoing  requirements  a  secondary  task  method  was 
developed  and  adopted  in  the  evaluation.  A  general  block  diagrara  is  given  in 
tZ  9  The  method  consists  of  reading  out  (to  permit  supervision)  ot  two- 
-digit’ random  numbers  displayed  outside  the  foveal  field  of  the  primary  task 
disnlav  The  random  numbers  change  at  a  increasing  rate  x(  J  where  e  is 

fSisWnt  During  the  initial  20  seconds,  the  operator  concentrates  on  the 


FIGURE  9.  Block  diagram  of  the  secondary  task  evaluation  system. 
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primary  task  only  and  the  initial  mean  squared  error  is  determined. 
Thereafter  the  secondary  task  is  activated.  The  operator  has  to  control  the 
primary  task  but  simultaneously  read  out  the  random  numbers  the  subsequent 
error  variance  e^  is  normalized  to  ef  as  in  Jex  [11].  Due  to  the  workload  of 
the  secondary  task  gradually  increases.  IVhen  some  predetermined  level 

E  is  reached,  the  system  automatically  stops  at  X  .  The  performance  

measure  was  chosen  as  X^/e/.  A  comparatively  easy  task  will  have  a  small  ef 
and  a  large  X^  and  vice  versa.  Thus,  a  large  value  of  \:/ef  indicates  a  sys¬ 
tem  with  good  handling  qualities.  It  easily  verified  that  the  method  meets 
all  three  requirements  listed  above.  In  particular,  the  operator  has  no 
choice  of  ’’clever"  strategies.  For  example,  if  he  chooses  initially  to  devote 
less  attention  to  the  primary  task  in^rder  to  reach  a  higher  X^  ,  his  initial 
ez  will  tend  to  be  larger  so  that  \:/e2  tends  to  remain  constant.  The  noise 
generator  output  i  provides  both  the  primary  task  input  and  the  random  numbers 
to  the  secondary  task  display.  Preliminary Jtests  of  the  evaluation  method 
with  several  subjects  demonstrated  that  X^/i^  is  significantly  and  consisten¬ 
tly  different  for  different  types  of  like  1/s,  1/s^,  l/sCs^l) .  The 

method  was  therefore  adopted  for  the  comparative  evaluation  of  the  kinesthetic 
manipulator . 


7.  EXPERIMENTS  AND  RESULTS 


The  tracking  and  regulation  experiments  were  carried  out  by  a  group  of 
five  students  with  no  flying  experience.  They  were  selected  from  a  larger 
group  after  undergoing  preliminary  screening  tests  of  reaction  time  and 
tracking  ability. 

The  experimental  equipment  used  was: 

-  EAI-580  hybrid  analog  computer  which  was  also  used  for  the  realization 
of  the  compensation  networks  G\\3)  and  ih(s)  and  gain  E 

-  HP  HOI- 3722  noise  generator  for  input,  disturbance  and  secondary  task 
signals. 

-  HP  1310A  CRT  display  with  a  50X40  cm  screen. 

-  The  single  axis  manipulator  is  loaded  by  medium  power  brushless  torque 
motor  and  the  pick  off  is  linear  low  torque  potentiometer. 

-  The  power  amplifier  A  has  200W  output  and  a  voltage  gain  amplification 
range  of  IQ-^llO. 

The  input  i  is  obtained  from  a  1.5  Hz  rectangular  spectrum  filtered  by  a 
single  lag  filter  l/(s+l).  The  disturbances  w  are  obtained  from  the  same 
source  but  after  a  delay  t  to  avoid  correlation  with 

The  first  series  of  tests  were  tracking  tasks  with  f  7  0,  ’u?  =  0  for 
Q^Cs)  =  l/(s^+0.66s+10)  ,  Gc(s)  =  1/s^,  G^(s)  =  l/s(s-l).  The  duration  of  each 
test  was  approximately  2  min,  depending  on  the  instant  iT'/iJ  *  • 

A  typical  set  of  results  of  10  tests  for  subject  I  is  shown  in  Fig.  10. 
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FIGURE  10.  Results  of  tracking  experiments 


The  results  of  other  subjects  were  quite  similar.  The  following  conclusions 

can  be  drawn:  ^  / -r  • 

1  For  the  isomorphic  manipulator  the  performance  measure  is  sig- 

fhf*  contTol  "t^sk.  This  (161110115^1*3.^63  thc  in- 
nificantly  lower,  the  difficult  control  tasks  due  to  the  load  on 

creasing  .ork-load  "“etsIS  U  “  rindieates  the  potential  of 

S:  S^rsihr/ir pil  ad  .easie..^ 

tendency  of  learning  can  be  noticed  for  l/o  and  1.^  U  • 

sent  in' the  results  of  the  other  subjects.  ^ 

'srs‘r.ions;j:t«  ?hX. 

all  types  of  ac  To;  and  It  IS  provLion  of  comnlete  kinesthetic  infor- 

lt”f  sSS?tcan?  tha/even  uhstahle  syste.  yields  the  sa., 

performance  measure. 

The  second  series  of  tests  weie  regulating  tasks  with  i  =  0  ^ 

I„  this  case  the  .,^j“klLed“;Sfti»  induced 

to  ^hHlS  teedSack  path  vas  only  required  for  occasional  uonitoring. 

Consequently  X^/e/  was  extremely  high. 
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FIGURE  11.  Results  of  corabir.ed  tracking  and  regulating  experiments  - 
Subject  I. 

The  third  series  of  tests  was  a  combined  tracking  and  regulation,  i.e., 
i  f  0,  w  f  0.  This  is  a  typical  situation  in  practical  control  tasks.  The 
results  are,  as  expected,  intermediate  between  the  first  and  second  series  of 
tests.  The  results  for  subject  I  are  shown  in  Fig.  11  for  GcCs)  =  1/a; 
l/(3^+0.66s+10j ;  l/a(3-ll^The  results  for  the  other  subjects  again 

were  veiy  similar.  In  all  tests  s/  with  the  kinesthetic  manipulator  was 
between  3^10  times  smaller  than  with  the  isomorphic  manipulator,  depending  on 
the  type  of  GcCs).  The  main  observations  are: 

1.  The  performance  measure  deteriorates  gradually  by  an  order  of  mag¬ 

nitude  from  l/s  to  l/3(s-l)  in  a  consistent  manner.  It  is  also  consider¬ 
ably  lower  than  for  the  pure  tracking  task  shown  in  Fig.  10. 

2.  The  performance  measure  for  the  kinesthetic  manipulator  deteriorates 

by  *^^0%  from  1/3  to  1/3(3— Ij  and  is  higher  by  1/0  as  compared  with 
the  isomorphic  manipulator. 

3.  The  secondary  task  method  and  the  criterion  provide  a  consistent 

and  sensitive  yardstick  for  performance  evaluation. 
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8.  CONCLUSIONS 


The  kihesthetic  f  S  S"'th°e‘cSrof'Sgh'’°rieror 

play  ;  j;  ”°'jf°a/L“decisive  in  stabillilng  the  system.  It  has 

rsrh«;ro:n-tfat  by  bbe  technlque^descxibed 

essentially  close  ^  objects.  These  loop  closures  provide  the  re- 

-itrdisr:^iStriirif.::rtingneat^ 
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TIME  OPTIMAL  CONTROL  OF  AN  UNDAMPED  HARMONIC  OSCILLATOR: 


EVIDENCE  FOR  BIASES  AND  SCHEMATA^ 

By  Richard  J.  Jagacinski,  Michael  W,  Burke, 
and  Dwight  ?.  Miller 

The  Ohio  State  University 


SUMMARY 


r’  -.sine  the  appropriate  environmental  conditions  for  executing  a  given 
r-i  arg^Jd  cnfa  task  basic  to  many  kinds  of  skilled  performance, 
response  ^  ,hree  e.xperiments  investigated  how  human 

As  an  example  bringing  an  undamped  harmonic  oscillator  to 

subjects  solve  the  bang-bang  control.  Comparison  with 

control  theory  solution  to  this  problem  suggests  that  subjects 
the  °P  using  acceleration  information  in  both  learning  the  rorm 

on-ne^pamal  switching  pattern  IpJedef up'^^^^cellenf  tJInsf er 

not  previously  encountered  constitutes  evidence  for  stimulus  recognition 
schemata  underlying  their  performance. 


iii'iAUjucriON 


1  •  1  mnrrnl  n-ittems  derived  from  optimal  control  theory  can  be 

..CCU.1  co.Lol  pact.™  hu.aa 

subjects.  Several  control  probler.s  vn icn  ‘.eve  oeen  .nvestigate  ..o..  -n.s 
,  ^  ^  involved  first  order  unstable  systems  (refs.  1,  2,  3,  )» 

viewpoint  have  8,  9),  and  undamped  harmonic  oscillators 

Te?  Ir'VeTrereni  slt-oS^x^erlme^ts^Investigates  how  human  subjects 
Llie  tL  problem  of  bringing  an  undamped 

^uSly  as  possible  when  they  are  limited  to  applying  a  rightward  or  le.t 

TseLnd  asp^t^of  these  experiments  i.s  to  investigate  the 

So  tem  sS«a  ha.  boon  ns.l  In  various  .ays  In  psychology  to  tutor 
CO  a  generalized  response  generating  capability  that  is  .  . 

•  ?  airiiations  previously  encountered.  Adams  (ref.  10)  and  Sv..nmi 

(re“  11)  have  recently  reviewed  three  uses  of  the  term  schema  corresponding 
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to  motor  recall  schema,  motor  recognition  schema,  and  stimulus  recognition 
schema.  While  there  have  been  numerous  studies  supporting  the  notion  of  a 
stimulus. recognition  schema  for  various  types  of  static  visual  rorms  (e.g., 
refs  1'’  13)  Che  present  authors  are  unaware  of  any  previous  experiments 

relating  this’ concept  to  motor  behavior  or  the  control  of  dynamic  systems. 
Motor  theorists  have  tended  to  concentrate  on  the  concepts  or  motor  recall 
schema  and  motor  recognition  schema,  which  refer  respectively  to  tne 
capabilitv  of  oroducing  or  recognizing  movement  patterns  not  previously 
experienced.  However,  a  generalized  ability  for  choosing  the  appropriate 
conditions  in  a  dvnamic  environment  for  executing  a  given  response  would 
also  appear  to  be  an  important  aspect  of  many  kinds  or  skilled  perro^nce. 
For  example  a  baseball  player  who  has  reached  the  limits  of  the  outfield 
fence'  and  who  must  leap  to  catch  the  baseball  has  to  choose  an  appropriate 
point  in  the  bail's  trajectory  to  begin  his  response.  Jumping  eiti.er  too 
Lr’v  or  too  late  may  result  in  his  missing  the  ball.  Similarly,  a  rifleman 
attempting  to  hit  a  kstant  target  on  a  windy  day  will  introduce  a  certain 
amount  of  compensation  into  his  aim  for  wind  velocity,  indicated 
state  of  specific  visual  cues  such  as  the  motion  of  ta.i  grasses,  .He  will 
wait  for  the  instant  when  the  wind  velocity  is  appropriate  for  that  precise, 
amount  of  compensation  before  pulling  the  trigger.  Both  of  these  situations 
involve  recoanizing  special  conditions  of  a  dynamic,  environment,  and  tne 
notion  of  a  Stimulus  recognition  schema  is  appropriate  :or  descrioing  this 
kind  of  generalized  skill. 

\n  experimental  strategy  for  demonstrating  the  existence  or  a  scnema 
using  a  within  subject  design  is  to  show  that  over  the  course  of  an  experi¬ 
ment  a  subject  learns  a  new  response  pattern,  and  that  .ne  exhibits  tnis 
learned  pattern  when  he  is  transferred  to  a  new  situation  in  whicn  ne  -aas  no 
previous  practice.  The  present  experiments  will  involve  a  variety  or 
tra-srer  tasks  to  explore  the  applicability  of  the  concent  of  a  schema  to 
controlling  a  dvnamic  system.  The  subject’s  responses  in  these  tas.-.s  will 
be  limited,  however,  to  simple  button  pressings,  thus  maxing  the  selection 
of  the  appropriate  environmental  conditions  more  critical.  Because _ evidence 
for  motor  recall  schema  and  motor  recognition  schema  must  necessarily 
involve  production  or  recognition  respectively  of  new  movements,  any  evi¬ 
dence  for  schemata  in  the  present  experiments  will  be  interpretea  as 
stimulus  recocnition  schemata.  These  experiments  will  aiso  att^m.pt  to 
determine  the'implications  of  the  subject’s  transfer  behavior  tor  a  process 
model  of  performance. 


TIME  OPTIMAL  CONTROL  OF  AN  UNDAMPED  HARMONIC  oSCILLATOR 

The  present  set  of  experiments  investigates  one  particular  control 
problem  —  bringing  an  undamped  harmonic  oscillator  to  rest  as  .luickiy  as  ^ 
possible  bv  the  application  of  a  leftward  or  rightward  farce  of  rlxed  magni¬ 
tude.  The' problem  is  analogous  to  bringing  an  oscillating  penaulua  to  rest 
by  means  of  two  magnets  which  can  exert  either  a  constant  rightwara  or 
leftward  force  on  the  pendulum.  The  optimal  switching  locus  tor  bringing  the 
pendulum-like  svstem  to  rest  at  the  origin  as  quickly  as  possible  is  shown 
in  figure  1.  The  locus  consists  of  a  string  of  dashec  semicircular  arcs 
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Flgut.  1.  Optl^l  s»l=chlP5  locus  < - )  for  btlsglng  Cos  sysc  '-o 

rest  at  the  origin  as  quickly  as  possible. 

I  f  '\L\  rhar  divides  the  phase  olane  into  two  regions,  R  and  L.  Klh_n  the 

S^CJss  of  Ss  ipcl™.!  s.l?=hl„g’scr.c,gy  (A-.-COylgiu  and  D-g-Ocig.n) 

"5iner"(S"l)^instructed  subjects  as  to  the  optimal  switching  strategv 
A  maa«;ured  their  asvmptotic  oerformance  using  five  different  displays, 
and  curve  was  available  on  a  phase  plane  dispiav, 

"T  "^fex^LienS  som^difficulty  in  this  control  task.  They  tended  tc  ae 
rf'n«!lstent  in  switches  occurring  near  the  cusp  region  between  t  e 

JuLr  lobes  and  also  tended  to  switch  a  little  late  along  ^he  outer 
Ze  iJesfrifficrities  were  considerably  magnified  with  the  least  aided 

display. 

switches  with  this  display  te 

rhis  lll\Tvr.  of  errors  in  terms  of  the  subjects*  psychophysical  and  reaction 
^  ?^™irItioL  and  suggested  that  more  research  is  necessary  to  clari£> 
l^'"\  lZlTs  lTan  tSeir  Ssponses  in  controlling  such  a  system.  The  present 
experSi's  pSi^elhis  problem  by  investigating  how  subjects  using  a  single 
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■  nl  disDlav  learn  to  stop  an  undamped  harmonic  oscillator  when  they 
a“”gi'"rio  ^rlor'  lrs=rucrlo„s  a.  t,  the  eptl.al  s»ltthing  stt.tegy. 


EXPERIMENT  1 


T’  first  experiment  examined  subjects'  performance  with  initial  values 
positioi  and  veto^lty  that  cotteap.nded  to  optlnn.1  »itcntng  petto^nce 
along  the  inner  lobe  in  figure  1. 


Method 


^  r-.s  -he  undamped  harmonic  oscillator  system  was  simulated  on  an  EAI 

Apparat^-  ^he  ;  system  position  was  displayed  as  a  1/8- 

Pace  .“‘■Jg-eSThUe  fon  Lvlns  hotltontally  actoa,  a  lt-l»oh  (35.56- 

men  1.3-  c  )  target  region  was  represented  by  a  1/8-incn  (.3- 

cm)  viaeo  monitor.  J’  .  television  monitor.  .Above  the  monitor  a 

eo)  Wide  math  m  t;:;po3ite  directions  away  from  the  center 

pair  or  adjacent  arroPd  „j,^,her  a  leftward  or  rigntward 

or  tne  ' the  system.  Subjects  controlled  the  direction  or 
force  was  be  mg  P  their  right  middle  and  index  fingers  by  means  or  two 
rta  applied  the  l.fc  bucPon  caused  the  Utc 

pusnouttons.  110-msec  tone  over  the  earphones  worn  by  the 

to  lignt,  ^  ?efward  force  to  be  applied  to  the  pendulum-lme 

Ifslln.'  rSe  leftward  force  persisted  until  the ^ right  button  was  momentarily 
depressed.  The  right  button  tunctioned  similar.,.. 


?our  male,  right-handed  Ohio  State  Iniversity  students 
ail  four  experimencs . 


Sub  jeers, 
participated  In 

5^.  Each  subjcci  uccelvcd  f«  !"“rc;"i“s4roS°r-»P 

E„h  irudicirs  „p;c.chcad  .s  hUch  does  In 

figu^ri!  Th^ undamped  harmonic  oscillator  corriaspcncec  r.o  the  di.^'^-entia 

(l/w2)x  +  x-u  U) 

-indiition  reltive  to  its  natural  resting  position  in 
where  X  IS  sys  am  in  inch/sec-,  w  »  .1  rad/sec.  and  P  - 

mcnes  X  ^  J^'^f-'^epending  on  whether  the  right  or  left  button  was 
T  "  li  At  he  beginningof  each  trial  the  system  had  one  of  the 

last  in  figure  2  and  the  rightward  force  was 

20  rhe''^'stem  ^  Optimal  performance  for  bringing  the  system  to 

app-ied  to  -•  ^g'  as  possible  consisted  of  appyling  a 

rest  at  t  intersected  the  inner  switching  lobe  (figure  1).  If 

force  when  tne  J  manner,  the  time  between  the  beginning  of  a  trial 

:„’Sr:5piSr:»i"h  ™u  “gi  <r..  aw  c=  i.ow  hsuc  ,vcr  th,  20  i„iu.i 

y=s  considered  to  be  ut  test  end  on  target  ohe. 
cltv  Ls  less  than  1/8  Inch/sec  (.32  c«/..c)  and  the  system  .a.  uithin 
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Position  (in) 

Figure  2.  Initial  positions  and  velocities  for  Experiments  1  a 

inch  (.16  cm)  of  the  center  of  the  video  monitor.  Subjects  were  pai 
TAary  of  S0.75  per  session,  and  an  adaitional  amount  per  trial  con. 
Jhei^performancL  They  received  4  cents  per  trial  if  they  brougnt_ 
system  to  rest  on  target  as  quickly  as  an  ideal  subject  whose  swi.c. 
corresponded  to  the  inner  lobe  in  figure  1.  For  less  than  optima, 
mance,  payoffs  decreased  linearly  to  zero  as  the  time  to  bring  tne 
rest  in^Lsed  to  4  seconds  longer  than  optimal  performance. - 

^Technically,  the  optimal  switching  locus  is  sliL  itly  dif ferer. 
inner  lobe  shown  in  figure  I  because  the  effective  target  in  the  ?r. 
is  a  small  rectangle  about  the  origin  rather  than  a  single 
origiu.  However,  for  the  purposes  of  this  experiment,  the  optim..* 
lolls  for  the  point  target  was  used  to  define  optimal  performance. 
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Procedure.  Subjects  were  told  that  the  dot  represented  a  vehicle  which 
would  have  a  rightward  force  applied  to  it  at  the  beginning  of  each  trial. 
Their  task  was  to  stop  the  vehicle  at  the  target  region  as  quickly  as 
possible  bv  applying  a  leftward  force  at  the  appropriate  instant.  If  tne 
dot  overshot  or  undershot  the  target,  Chen  the  subjects  were  to  apply  right- 
ward  and  leftward  forces  until  the  dot  finally  slowed  to  criterion  over  the 
1/8-inch  (.32-cm)  target  region.  The  dot  then  disappeared  from  Che  screen, 
and  the  trial  was  over.  Immediately  after  each  trial,  subjects  were  told  how 
much  chev  had  earned  for  that  trial  to  Che  nearest  1/10  cent.  If  at  any  time 
the  dot  exceeded  the  bounds  of  the  14-lnch  (35.56-cm)  viewing  window,  the 
trial  immediacelv  ended  and  the  subjects  received  zero  payoff. 

The  data  for  each  trial  consisted  of  the  position  and  velocity  when  the 
subject  executed  his  first  three  switches  for  each  trial,  the  elapsed  time 
for  the  first  two  switches,  and  the  total  elapsed  time  for  the  trial. 


Results 


Medlar  switching  points  were  calculated  for  subjects  first  switches 
with  each  of  the  20  initial  conditions.  The  medians  were  calculated  in 
terms  of  elapsed  time  along  a  given  orbit  in  Che  phase  plane.  In  figure  3 
the  upper  and  Che  lower  medians  for  each  of  the  10  orbits  have  been  connected 
with  straight  lines  to  indicate  the  average  switching  patterns  for  two  of  the 
four  subjects.  The  oi^timal  switching  pattern  for  a  point  target  is  indicated 
by  the  dashed  semicircle. 


One  qualitative  property  of  Che  optimal  switching  pattern  is  that  it  is 
a  line  through  the  phase  plane.  In  other  words,  the  two  initial  conditions 
’•.•i:v'  alcii’  each  orbit  in  li^uro  2  have  the  same  optimal  switching  point. 

The  width  of  the  subjects'  switching  loci  in  figure  3  indicate  how  closely 
their  performance  approximated  a  line  through  the  phase  plane.  All  subjects 
markedly  reduced  their  intra-orbit  inconsistency  over  the  first  several  days 
of  practice  (e.g.,  compare  A-1  and  B-1  with  A-3  and  B-3) .  However, 

Subjects  B  and  E  then  exhibited  increased,  inconsistency  in  Che  five  orbits 
farthest  from  the  target  (e.g.,  see  B-8)  .  A  l/(  level  multiple  ratio 

test  (ref  15)  revealed  Chat  the  increase  in  variance  was  statistically 
significant  for  Subject  B  (7.  5)  »  67.92),  but  not  for  Subject  E 

8.59). 


If  a  subject’s  intra-orbit  inconsistency  is  relatively  small,  one  may 
then  meaningfully  compare  the  shape  of  his  switching  locus  with  Che  optimal 
locus.  All  four  subjects  achieved  roughly  monotonic  switching  loci  with  the 
root "mean  square  difference  between  intra-orbit  medians  less  chan  200  msec 
(e.g.,  A-3,  and  B-3).  However,  the  large  intra-orbit  variance  exhibited  by 
Subjects  B  and  E  late  in  practice  was  judged  too  large  to  warrant  any  more 
detailed  analysis  of  the  shapes  of  their  switching  loci.  Further  analyses 
were  only  conducted  for  Subjects  A  and  C.  Comparisons  of  the  switching  times 
on  Days  2  and  3  with  Days  7  and  8  revealed  that  by  Days  7  and  8  both  Subjects 
A  and  C  switched  significantly  earlier  on  the  outer  orbits  (1-5)  and 
significantly  later  on  Che  inner  orbits  (6-10).  To  test  whether  the  shapes 
of  the  switching  loci  for  Subjects  A  and  C  were  non-monotonic  in  the  phase 
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Figure  3.  Median  first  switches  in  Experiment  1  for  Subjects  A  and  B 


U  vplocitv  at  the  two  middle  orbits  (5  and  6)  was  compared 

Quitchine  velocity  at  the  outermost  orbits  (1  and  2)  and  at  the 
L  oir^s  (9  anriS).  on  Days  2  and  3.  these  two  subjects  had  not 
innermo  -o„otonic  switching  pattern  in  that  the  switching  velocity 

for'^the  two  outermost  orbits  was  not  significantly 

velocity  in  the  middle  orbits.  However,  by  Days  7  and  8  ^‘"’’^ects  A 

did  have  a  significantly  lower  switching  velocity  in  the  two  outermost 

orbits. 

2.  This  114  .s..  for 


389 


t 


Subject  A  and  160  msec  for  Subject  C  on  Days  7  and  8,  and  both  differences 
were  significant  at  the  .05  level. 


Discussion 


In  order  to  interpret  the  manner  in  which  the  subjects'  switching 
oatterns  changed  over  the  3  days  of  this  e.Kperiment,  it  is  useful  to  ask, 

"What  must  the  subjects  learn  about  the  system  in  order  to  approximate  tne 
optimal  control  solution?"  By  trial  and  error  subjects  could  arrive  at  a 
set  of  paired  associations  between  the  20  initial  conditions  and  the  20 
corresponding  switching  points  necessary  to  stop  at  the  target  without  under¬ 
shooting  or  overshooting.  Each  of  the  initial  conditions  is  uniquely  speci¬ 
fied  by  a  combination  of  position  and  velocity  cues,  and  the  switching  points 
could  be  specified  in  terms  of  position,  velocity,  and/or  elapsed  time  cues. 
As  suggested  bv  Prevss  and  Meiry  (ref.  8),  overshooting  the  target  would 
cause  the  subjects  to  revise  the  switching  point  for  a  given  ini'-ial  conci- 
tion  to  occur  sooner,  and  undershooting  would  result  in  a  similar  revision  in 
Che  opposite  direction,  assuming  that  subjects  are  attempting  to  stop  in  the 
target  region  with  a  single  switch.  According  to  this  model  of  learning 
behavior  one  might  expect  an  initially  random-looking  phase  plane  switcning 
pattern  to  converge  in  a  relatively  uniform  manner  toward  the  optimal  control 
Liution.  This  simple  model  seems  inadequate  because  of  the  extremely  slow 
and  non-uniform  manner  in  which  subjects  did  approach  the  optimal  control 
solution  after  a  more  rapid  initial  convergence  toward  a  monotonic  switching 
pattern.  The  monotonic  switching  loci  suggest  that  subjects  are  relying  on 
control  patterns  that  are  appropriate  for  stopping  a  freely  moving  vehicle, 
but  inappropriate  for  a  pendulum-1 i’xe  system.  More  specifically,  one  typical 
propertv  of  braking  systems  for  moving  vehicles  is  that  ii  one  i •  traveiing 
on  a  smooth  level  surface,  stopping  distance  is  an  increasing  function  ot  the 
vehicle's  velocitv,  but  does  not  depend  on  its  location.  This  property  does 
not  hold  for  the  harmonic  oscillator.  As  indicated  in  equation  ’  when  tne 


leftward  force  is  applied  to  -  - ,  -  w 

combination  of  the  constant  leftward  force  and  the  system  s  pendulum-like _ 
tendency  to  move  rightward  toward  its  natural  equilibrium  at  tne  center  ot 
the  target. 


system,  Llie  net  braking  force  is  an  additive 


Assuming  an  Initial  bias  toward  characterizing  the  task  as  an  ordinary 
vehicular  braking  task,  one  might  expect  the  subjects'  transition  to  a  more 
veridical  characterization  of  the  system's  dynamic  properties  to  cover  three 
stages  of  learning.  In  Stage  1  early  in  practice  subjects  assume  that  the 
braking  force  is  not  a  function  of  position,  and  their  switching  velocity 
increases  with  distance  from  the  target.  Such  behavior  would  be  analogous  to 
the  manner  in  which  car  drivers  traveling  at  higher  velocities  typically  be¬ 
gin  to  apply  the  brakes  farther  from  the  intersection  in  order  to  stop  in 
time.  In  Stage  2,  subjects  begin  to  realize  that  the  braking  force  decre.ases 
with  distance  from  the  target  and  begin  to  apply  the  leftward  force  at 
correspondingly  lower  velocities.  A  switching  pattern  in  which  switching 
velocity  continually  Increases  with  distance  from  the  target  is  also  con¬ 
sistent  with  this  stage.  If  the  subjects  believe  that  the  braking  force 
actually  decreases  to  zero  for  longer  distances  from  the  target,  then  they 
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K  aHi.icit  their  switching  patterns  so  that  the  switching  velocity  becomes 

f .h.  »rg.t.  Subjects  ^ 

1  if  they  exhibit  this  switching  pattern  te.g. ,  figure  3,  A-3),  which 
represents  the  maximum  downward  adjustment  possible  in  Stage  2.  Stage  3. 

nnt  only  realize  that  the  braking  force  decreases  with  distance 
^  tho  tareet  but  also  realize  that  for  longer  distances  from  the  target 
ISeleraLreren  though  the  leftward  force  is  applied.  This  in- 
crLsing  acceleration  with  distance  from  the  target  requires  the  subjects  to 
curve  their  phase  plane  switching  patterns  downward. 

Within  each  of  these  three  stages  it  is  plausible  that  subjects  might 
a  -  Jheir  switching  loci  in  accordance  with  the  simple  learning  model 
1  monfioned  The  stages  place  different  limitations  on  how  far 

iron'd  subjects  teach  Stage  3.  they  cannot  pro- 

such  Pitching  locus.  According  to  this  interpretation,  the 

^  Pc  h-igarts  to  approach  the  optimal  control  pattern  can  be  attribut- 
ed'^to^tLir  difficulty  in  making  the  two  qualitative  transitions  to  Stages  2 
oind  3  Subjects  A  and  C  showed  clear  evidence  of  reaching  Stage  3  (e.g. , 

3  A^8j  j-Ihether  Subjects  B  and  E  also  reached  Stage  3  is  uncertain. 

sJa^istical  tlsts^f  monotonicity  were  not  performed  for  these  latter  two 
Statistical  test  intra-orbit  variance  they  exhibited.  The  increase 

If intJa-orbit  variance  shown  by  Subject  B  is  still  unexplained  in  this 

model . 

The  three  stage  theory  just  outlined  deals  with  qualitative  aspects  of 
The  three  natterns  “namely  their  monotonicity.  Further 

the  phase  one  Lsumes' Chat  subjects  have  non-veridical 

lur.rprerarioh  iS  possiblu^ir^o  p„i„c 

internal  represent  hehnve  optimally  with  respect  to  those 

in  time  su  j  \ssuming  that  subjects  try  to  reach  the  origin  without 

non-veridical  models  .Vssumi  g 

overshooting  trajectory  to  the  target.  One  may  there- 

Lre^inLrpret  the  phase  plane  switching  loci  as  trajectories  of  the  ^ub- 
f  •  if  erf  1  modfs.  An  additional,  but  not  very  restrictive  assumption 
iffat  the  subjects’  internal  models  do  have  unique  trajectories  chat  reach 
he  figifwff  a  constant  force  is  applied.  Under  this  interpretation  the 
ffrf  ne  loci  can  be  used  to  -^ate  analytic  r^ 

:f  f  f  af  fraidfSf  f  f  iff  of  uniqueness  of  these  analytic  representa¬ 
tions  will  not  be  pursued  in  the  present  paper. 


EXPERIMENT  2 

The  second  experiment  extended  the  range  of  initial  conditions  so  that 
.ale  -it-  was  necessary  to  use  two  switches  in  order  to  stop  tne 
on  outer  lobe  in  figure  1).  One  aim  of  this 

system  n  manipulation  was  to  investigate  how  closely  the  subjects'  first 
experimen  P  -^nroximate  the  double  lobe  pattern  of  optimal  perfor- 

rb^b“b“«g«  .as  to  a.ok  avid.nca  fob  .ch.«,ta  by 

“atlog  vhethar  the  observed  swltthing  patterns  »ould  transfer  to  ne»  initial 
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Dositions  and  velocities.  If  subjects  simply  learn  a  set  of  paired  associa- 
Lons  between  the  initial  conditions  and  corresponding  switching  points,  tnen 
they  should  not  be  able  to  perform  this  transfer  task. 


Method 

The  sane  four  subjects  used  in  Experiment  1  received  8  days  of  pra^ice 
with  the  20  initial  conditions  represented  as  black  dots  in  figure  4.  The 


PositiM  (in) 


Figure  4  Well-practiced  initial  positions  and  velocities  (•)  and  new 
initial  positions  and  velocities  (A)  for  the  transfer  test  in  Experiment  2. 


10  initial  conditions  requiring  only  a  single  switch  were  identical  to  10  of 
the  initial  conditions  used  in  Experiment  1.  Subjects  were  instructed  that 
the  range  of  starting  positions  would-be  extended,  but  that  otherwise  the_ 
svstem  would  be  the  same.  Following  Day  8  there  were  scheduling  delays  oi 
56  54  and  11  days  for  Subjects  A,  B  and  C  respectively.  Each  or  these  tnree 
subjects  was  therefore  given  1  extra  day  of  practice  upon  his  return  to  t.ne 
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eKoerimenC  All  four  subjects  were  then  given  1  day  of  performance  with  the 
Si!  ractlcerinitial  conditions,  1  day  of  performance  with  20  new  initial 
conditions  which  are  represented  as  triangles  in  figure  4,  and  a  final  day 
of  performance  with  the  well-practiced  initial  conditions.  Subjects  were  not 
told  that  there  had  been  any  procedural  change  on  the  day  with  the  new  ini- 
tial  conditions. 


Results 

The  median  switch  point  was  calculated  for  each  initial  condition  as  in 
the  previous  experiment.  The  means  of  each  intra-orbit  pair  of  medians  nave 
bLn  connected  with  straight  lines  in  figure  d  for  the  day  with  the  nev 

initial  conditions  ( - )  and  for  the  preceding  - )  and  .o.-ow 

ing  ( _ . . _ )  days  using  the  well-practiced  initial  conditions. 

To  assure  the  subjects’  performance  on  the  new  initial  conditions  cannot 
be  attributed  to  previous  practice  on  these  very  orbits,  it  was  necessary  to 
ascertain  that  second  and  third  switches  in  Experiments  1  and  2  did  not 
occur  along  these  "new"  orbits.  Available  records  indicated  that  such 
switches  were  rire  in  the  region  of  the  outermost  eight  new  orbits,  and  sub¬ 
sequent  analysis  was  restricted  to  this  region. 

For  each  subject  an  F  test  was  performed  at  the  .05  level  to  determine 
whether  there  was  a  significant  increase  in  intra-orbit  variance  with  tne 
new  initial  conditions.  None  of  the  F  tests  was  significant.  In  oraer  .o 
test  whether  the  switching  pattern  for  the  new  initial  conditions  difrered 
from  the  patterns  on  the  preceding  and  following  days,  a  polynomial  was  ^it 
via  multiple  regression  to  the  median  switching  points  with  the  n-w  initial 
conditions  and  a  second  polynomial  was  fit  to  the  data  for  the  preceding  and 
following  days.  An  F  test  was  then  performed  to  compare  tue  suu.  u. 
residuals  from  these  two  polynomials  with  the  residual  when  the  data  rrom  all 
3  days  were  fit  by  a  single  polynomial  of  the  same  degree.  Only  the  reduc- 
aorin  r^Iidual  Lr  Subject  B,  F  (2,  40)  -  4.17,  £<  .05,  was  signiricant  at 

the  .05  level. 

Two  types  of  analyses  were  similarly  conducted  to  test  whether  the 
performance  of  Subjects  A,  C  and  E  with  the  new  initial  conditions  dirrered 
from  their  performance  on  the  outer  seven  orbits  on  the  first  2  days  or 
Experiment  2.  First,  an  F  test  was  performed  for  eacn  subject  at  the  .Oo 
SSel  to  test  whether  the'intra-orbit  variance  was  larger  at  the  beginning  or 
Subject  C,  F  (14,  8)  -  2.29,  £<  .001,  did  ..thlblt  slgc.ti- 
ca^lv  larger  intra-orbit  variance  at  the  beginning  ot  Experiment  2;  nowever, 
q.ibiects  A  am'.  E  did  not.  Polynomial  regression  analyses  revealed  that  tne 
shape  o<=  Subject  A’s  switching  pattern  early  in  Experiment  2  was  signiricant- 
Iv  different  from  the  pattern  for  the  new  initial  conditions;  however.  Sub¬ 
ject  E  did  not  exhibit  any  significant  difference. 
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Discussion 


That  none  of  the  four  subjects'  switching  loci  resembled  the  double  lobe 
optimal  solution  is  perhaps  not  very  surprising  if  one  considers  the  difficul¬ 
ty  involved  in  discovering  such  a  solution  by  trial  and  error.  The  inner  op¬ 
timal  lobe  is  part  of  a  trajectory  of  the  system  through  the  phase  plane,  ana 
subjects  could  have  approached  the  optimal  solution  in  this  region  by  adjust¬ 
ing  their  switching  points  so  as  to  eliminate  undershoot  or  overshoot  of  the 
target.  In  contrast,  the  outer  optimal  lobe  is  not  part  of  a  trajectory,  and 
subjects  will  overshoot  the  target  for  trials  starting  in  this  region  of  the 
phase  plane  no  matter  when  their  first  switch  occurs.  The  outer  optimal  lobe 
is  not  even  the  switching  locus  that  minimizes  overshoot  of  the  target.  A 

second  reason  for  difficulty  is  that  the  total  time  to  reach  the  target  is  not 

very  sensitive  to  deviations  from  the  outer  optimal  lobe.  Engineers  imple¬ 
menting  automated  switching  devices  typically  take  advantage  of  this  fact  by 
substituting  a  zero  velocity  switching  locus  in  place  of  the  outer  optimal 
lobe  Such  a  locus  is  easier  to  construct  and  does  not  increase  the  total 

time’ to  reach  the  target  by  more  than  5%  (ref.  16).  In  the  present  experiment 

it  would  probably  be  difficult  for  subjects  to  detect  a  5%  difference  between 
optimal  and  sub-optimal  loci  because  of  variation  in  their  second  switch 
performance. 


Within  the  accuracy  of  experimental  measurement.  Subjects  A,  C  and  E  exhib¬ 
ited  the  same  switching  pattern  for  the  new  initial  conditions  as  for  the  well- 
nracticed  initial  conditions.  Secondly,  for  Subjects  A  and  C  this  pattern  was 
significantly  different  from  the  switching  pattern  exhibited  at  tne  ceginning 
of  Experiment  2.  Finally,  records  of  previous  performance  indicate  tnat  these 
two  subjects  had  negligible  practice  along  the  new  orbits  prior  to  tne  trans¬ 
fer  task.  Together  these  statements  constitute  f^r  the  rr.atcnce  o, 

schemata  underlying  the  performance  of  Subjects  A  and  C.  While  Supjc...  E  did 
show  excellent  transfer  to  the  new  initial  conditions,  this  subject  cia  not 
exhibit  a  significant  change  in  switching  pattern  with  practice.  Theretore, 
this  subject's  performance  does  not  constitute  evidence  for  a  schema.  Subject 
B’s  performance  also  does  not  meet  the  strict  criterion  previously  specified 
for  the  existence  of  a  schema. 


In  order  to  further  delineate  the  nature  of  the  schemata  implied  by  the 
performance  of  Subjects  A  and  C,  it  is  necessary  to  discuss  alternative  pro¬ 
cess  models  for  behavior  in  this  experiment.  In  the  present  task,  ti.e  detail¬ 
ed  time  course  of  the  button  pressing  responses  was  not  measured;  nowever^  a 
siaple,  unvarying  movement  pattern  would  be  sufficient  to  perform  well,  .tie 
concepts  of  motor  recall  schema  and  motor  recognition  schema,  whicn  respec¬ 
tively  involve  production  and  recognition  of  new  movements,  thererore  need  not 
be  invoked  for  these  experiments.  What  is  necessary  is  that  subjects  <tnow 
when  to  execute  the  button  pressing  response  as  the  harmonic  oscillator  passes 
through  states  not  previously  observed..  Stimulus  recognition  schema  is  an  ap¬ 
propriate  concept  for  describing  this  skill. 


A  more  detailed  question  concerns  what  aspect  of  the  subjects’  perrormance 
is  encoded  in  the  recognition  schema.  Does  the  schema  encode  states  ot  the 
oscillator  system  at  which  the  subject  should  initiate  the  button  pressing 
response,  or  does  the  schema  encode  states  of  tne  oscillator  system  at  wnicn 


the  actual  depression  of  the  switch  should  be  completed?  If  the  button  pres¬ 
sing  response  could  be  executed  instantaneously,  this  distinction  would  be 
meaningless.  However,  assuming  at  least  a  200  msec  reaction  time  in  the  sub¬ 
jects'  execution  of  such  a  response,  the  distinction  is  important  for  this 
task.  Unfortunately,  the  data  in  the  present  experiment  do  not  distinguish 
between  these  two  possibilities.  These  data  do  imply  that  subjects  have 
learned  a  skill  which  is  not  specific  either  to  the  positions  and  velocities 
at  the  beginnings  of  trials  or  to  particular  orbits.  However,  subjects 
could  perform  the  transfer  task  if  they  had  learned  a  generalized  locus  of 
system  states  for  either  response  initiation  or  for  completing  the  switch  de¬ 
pression.  The  basic  difference  between  these  two  kinds  of  recognition  schema 
is  that  the  latter  assumes  subjects  can  predict  when  the  system  is  one  reac¬ 
tion  time  away  from  the  switch  completion  locus.  To  distinguish  between  the 
two  possible  kinds  of  schemata,  it  is  necessary  to  use  a  transfer  task  tnat 
necessitates  the  prediction  capability  postulated  by  the  response  completion 
schema.  Such  a  test  is  provided  by  using  a  speeded  simulation  of  Che  harmonic 
oscillator  system. 


EXPERIMENT  3 

In  order  for  subjects  to  achieve  perfect  transfer  of  a  switching  pattern 
with  a  speeded  simulation  of  the  oscillator  system,  three  conditions  must 
obtain.  First,  they  must  encode  the  switch  completion  locus  rather  than  Che 
switch  initiation  locus.  Because  the  simulation  is  speeded,  Che  oscillatory 
system  will  move  through  a  larger  fraction  of  its  phase  plane  orbit  during  the 
subjects'  reaction  time.  The  locus  of  response  initiation  necessary  to 
achieve  the  same  switching  locus  will  therefore  be  pushed  farther  back  from 
Che  switch  completion  loous.  AbiliLv  to  make  this  necessary  compensation  is 
evidence  tor  Che  use  of  a  response  completion  locus.  Secondly,  subjects  mus“ 
be  able  to  time  scale  their  representation  of  the  response  completion  locus  if 
they  use  time  or  velocity  cues  to  encode  this  locus.  For  example,  assume  sub¬ 
jects  encode  the  locus  at  the  accustomed  speed  as  Fj,  (^,  x,  v ) ,  where  ^  is 
elapsed  time,  x  is  system  position,  and  v  is  system  velocity.  If  the  speeded 
simulation  is  twice  as  fast  as  the  accustomed  speed,  the  subjects'  new  locus 
should  be  F  (%t_,  x,  2v) .  Elapsed  time  cues  must  be  halved,  position  cues 
need  not  be'^changed,  and  velocity  cues  must  be  doubled,  because  the  speeded 
simulation  covers  the  same  distances  as  before  with  twice  the  velocity  and  in 
half  the  elapsed  time.  Thirdly,  subjects'  ability  to  predict  when  the  system 
is  one  reaction  time  away  from  Fc  must  be  of  such  quality  as  not  to  deterio¬ 
rate  significantly  in  its  predictive  accuracy  when  applied  over  a  relatively 
longer  fraction  of  the  phase  plane  orbit.  For  example,  a  simple  constant 
velocity  extrapolation  of  the  system's  motion  might  provide  adequate  predic¬ 
tive  accuracy  when  the  simulation  is  slow,  because  the  fraction  of  the  phase 
plane  orbit  covered  in  one  reaction  time  is  small,  and  the  system  undergoes 
relatively  little  acceleration  over  the  prediction  interval.  This  approxima¬ 
tion  may  break  down,  however,  with  a  speeded  simulation.  In  summary,  perfect 
transfer  with  a  speeded  simulation  will  be  evidence  that  all  three  of  these 
necessary  conditions  obtain.  Less  than  perfect  transfer  will  be  evidence 
that  at  least  one  of  these  conditions  does  not  obtain. 

At  a  more  general  level  of  descrrpfion,  rbi=  experiment  alee  provides  a 
further  test  ofthe  subjects'  ability  to  transfer  to  a  new  situation. 
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Perfect  transfer  would  provide  additional  support  for  stimulus  recognition 
schemata. 


Method 

The  same  four  subjectsused  in  the  first  two  experiments  were  given  1  day 
of  oractice  with  the  initial  conditions  used  in  Experiment  1.  Subjects  were 
then  given  another  day  at  the  accustomed  speed,  2  days  with  the  simulation 
ruling  twice  as  fast  as  usual,  and  a  final  day  at  the  accustomed  speed.  On 
the  first  day  with  the  fast  simulation,  subjects  were  told  that  the  system  had 
been  speeded' up,  but  that  nothing  else  was  changed. 


Results 

The  first  switch  data  for  the  day  immediately  preceding  and  the  day  im¬ 
mediately  following  the  speeded  simulation  were  analyzed  to  determine  how 
closely  Objects  approached  the  optimal  switching  locus.  lO  test  for  a  non¬ 
monotonic  switching  pattern,  the  average  switching  velocity  in  the  middle  two 
orbits  (5  and  6)  was  compared  with  the  average  switching  velocity  ^  the 
innermost  and  outermost  pairs  of  orbits.  Subjects  A,  C  and  E  all  exhibited  a 
ion-monotonic  pattern.  However,  for  Subject  B  the  switching  velocities  for 
the  middle  and  outermost  orbits  were  not  significantly  different  (-igure  6). 


Figure  6.  Means  of  median  first  switches  for  Subjects  A  and  B 

ment  3  with  the  speeded  simulation  ( - )  and  the  simulation  at  the 

ed  speed  ( - ordinate  values  in  parentheses  refer  to 

mance  with  the  speeded  simulation. 


in  Experi- 

accustom- 

perfor-- 


A  second  analysis  compared  the  first  switch  data  on  the  two  speeded 
simulation  days  with  the  immediately  preceding  and  the  immediately  following 
dav  at  regular  speed.  In  order  to  facilitate  comparison,  switching  times  on 
tZ  two  speeded  days  were  all  multiplied  by  a  factor  of  2  for  the  following 
analyses.  F  tests  were  conducted  for  each  subject  to  determine  whether 


39  V 


intra-orbic  variance  on  the  five  outer  orbits  (1-5)  and  the  five 

(6-10)  increased  with  the  speeded  system.  For  the  outer  orbits.  Subject  E 

a  large  increase  in  intra-orbit  variance,  F  (10,10) 

9^10  p  <  001,  and  Subject  C  exhibited  a  smaller  increase,  F  (10,10)  *  2.97, 
that  approached  significance  at  the  .05  level.  No  other  statistically  sig¬ 
nificant  increases  were  detected. 

In  order  to  test  whether  a  change  in  the  shape  of  the  switching  locus 
had  occurred  with  the  speeded  system,  separate  analyses  of  variance  were 

on  the  outer  five  and  inner  five  orbits  for  Subjects  A,  B  and  C, 
r;  for  tte  inn«  orbits  for  Sublet  E,  bscsuso  of  ch.  l.rge  inct.as.  In 

vLlance  ha  aahlbited  on  the  outer  orbits  on  the  speeded  days.  As  shorn  in 


Table  1 


Mean  Differences  Between  Non-speeded  and  2  x  Speeded 


Switching  Times  in  Experiment  3 


Outer  orbits  (1-5) 


(msec) 


Inner  orbits  (6-10) 


(msec) 


Subjects 


Difference  necessary 
Obtained  necessary  for  Obtained  for  significance 
difference  significance,  p  <.05  difference  o  <  .05 


Table  1  Subjects  A,  B  and  C  all  switched  significantly  later  in  the  outer 
Lbits  with  the  speeded  simulation.  None  of  the  four  subjects  exhibited  a 
significant  difference  in  the  inner  orbits.  In  order  to  indicate  the  sensi 
ti^ity  of  these  contrasts,  the  mean  differences  between  speeded  and  non- 
speedL  switching  times  necessary  to  achieve  statistical  significance  at  the 
ns  level  have  been  listed  in  Table  1.  The  power  of  the  contrasts  for  de- 
«Liri«Sr.p“"  ..  l-rg.  .0  rhoso  Is  about  .56,  tha  pouor  for  dotaotihg 

differences  twice  as  large  is  about  .97. 

Given  that  subjects  did  show  excellent  transfer  for  the  inner  orbits,  i 
becomes  important  to  test  whether  this  switching  pattern  was  learned  over 
the  course  of  the  experiment.  Accordingly,  F  tests  were  conducted  to  test. 


U  •  «rhir  variance  on  the  2  days  with  the  speeded  system  was 

whether  the  intra-orbit  variance  on  the  first  2  days  of  Experiment 

significantly  less  than  int  26.35,  p  <  .001,  Subject  C, 

1  for  these  five  orbits.  Subjects  A,  F  (10,10)  ^ 

p  (10,10)  -.O-OO.  I  <  -“i;  ““  2  of 

exhlbupd  significant  y  8  ^  significantly  highat  variance  and 

"is  sibjSi  also^Lhlblted  no  algnlflcant  change  in  his  «.n  svitching  times 

with  practice. 


Discussion 

C  u-  A  r  and  E  all  exhibited  non-monotonic  phase  plane  loci;  howeves 

u-  ^  I  M  tt  in  of  the  three  stage  model  described  in  Experiment 

Subject  B  did  no  .1  ^  2  3  Subject  B  only  reached  Stage  2. 

1,  Subjects  A  C  and  switching  locus  Subject  B  still  did  not  take 

In  other  words,  ^"^^^J“?g\®creasing  acceleration  for  orbits  farthest  from 
"T'IZT  SL  select*  s  failure  to  converge  on  the  optimal  solution  after 
'":h“  flnige?  raSr.  lend,  fnrrher  credence  fo  rh.  fhree  stage  model  as  a 
necesLry  elaboration  of  the  simple  learning  mode.. 

Thgb  nerfect  transfer  exhibited  by  Subjects  A,  C  and  E  in  the  inner  orbits 
The  pertect  tra  existence  of  schemata.  The  transfer  was  to  a 

constitutes  practiced;  within  the  limits  of  experimental 

new  f  was  identical  to  the  pattern  exhibited  on  the  im- 

measurement  the  patte.n  speed;  and  the  pattern  of 

mediately  Pieced  g  behavior  exhibited  by  the  subjects  at  the 

behavior  was  different  f  ^  1.  These  results  imply  that  over  the 

very  Subjects  A.  C  and  E  learned  a  general  response 

course  of  the  J  ^  schema.  Although  one  cannot  con- 

generating  s.ra  bis  switching  pattern  in  the  inner  orbits  over 

elude  that  Subject  ^  Jearned^his  g^bibit  the  same 

the  course  or  _  A  and  C.  In  the  following  discussion  of  possible 

general  pattern  as  Subjects  A  and^C^^^^  therefore  be  called  a 

underlying  ^^^ber  than  schema  for  Subject  B.  However,  for  ease 

irSo^iS:  tiis  point  will  not  be  constantly  reiterated. 

The  perfect  transfer  J'^Lo^lrion^chem^ 

with  the  ^ere  able  to  time  scale  this  locus  if  it  involved 

switch  and  that  their  ability  to  extrapolate  the  .ystem  s 

time  and  ^®^°“"^/^g;;tively  accurate.  If  subjects  used  a  response  initia- 
motion  time  scaled  any  time  and  velocity  cues,  the 

tion  achuma  ana  appropri  y  ^  ^^jg^  simulation  would  be  shifted  upward 

measured  switching  locus  .objects'  reaction  time.  Assuming  a  reaction 

by  "^®/20o"i°ge,  the  shift  would  amount  to  at  least  100  msec  in  _ 

time  of  at  ^  2OO  msec  on  the  doubled  time  scale  used  for  comparing 

real  time,  fact .  no  statistically  significant  shift  was  observ- 

the  two  simulations.  1  f  detecting  a  200  msec  shift  was  ap- 

tSmlfeirrA  fo^  s:;j::t  E  anS  considerably  greater  than  ..9  for  Subjects 


A, 


n 


399 


The  hypothesis  that  subjects  used  a  response  initiation  schema  must 
therefore  be  rejected  unless  one  additionally  assumes  that  subjects  used  ve¬ 
locity  cues  and  failed  to  time  scale  them  sufficiently.  Failure  to  time 
scale  would  lead  to  initiating  the  respon'-'e  at  a  lower  velocity  and  would 
move  the  measured  switching  locus  downward  in  the  phase  plane,  reducing  the 
prediction  of  a  full  200  msec  shift.  A  similar  explanation  would  also  need 
to  be  invoked  to  account  for  the  considerably  less  than  200  msec  shift  ob¬ 
served  in  the  outer  five  orb"* is  for  Subjects  A,  B  and  C.  The  large  increase 
in  intra-orbit  variance  in  the  outer  orbits  for  Subject  E  dees  not  fit  this 
description,  and  suggests  that  the  decision  of  when  to  switch  is  based  on 
different  information  for  the  two  initial  conditions  within  each  orbit, 
this  regard  Subject  E’s  behavior  appears  to  differ  in  a  more  fundamental 
manner  from  normative  switching  behavior  than  the  performance  of  the  other 
three  subjects  and  will  not  be  included  in  the  discussion  that  follows. 

While  it  is  not  possible  to  rigorously  rule  out  the  above  response  ini¬ 
tiation  schema  hypothesis  on  the  basis  of  the  present  data,  the  assertion  of 
nearly  equal,  but  opposite  effects  to  account  for  the  excellent  transfer  in 
the  inner  orbits  is  not  vary  plausible.  A  second  explanation  ot  the  data  for 
Subjects  A,  B  and  C  ir,  that  they  did  use  a  response  completion  schema,  but 
failed  to  sufficiently  time  scale  the  locus  in  the  region  of  the  outer  five 
orbits.  Failure  to  time  scale  elapsed  time  cues  by  a  factor  of  one-half 
would  result  in  subjects*  switching  at  too  long  an  elapsed  time,  and  hence 
the  observed  switching  locus  for  the  speeded  system  would  be  shifted  upward. 
The  excellent  transfer  in  the  inner  orbits  would  then  be  attributed  to  the 
subjects*  using  position  and/or  velocity  cues  to  specify  the  switching  locus 
in  that  region  of  the  phase  plane. 

In  evaiuati»'i  tiie  plausibility  of  this  explanation  it  is  important  to 
note  that  subjects  must  estimate  e.-apsed  time  relative  to  some  easily  identi¬ 
fied  starting  point.  The  onlv  two  likely  starting  points  in  the  present 
task  are  the  beginning  of  the  trial  and  the  point  at  which  the  sy^Lem  re¬ 
verses  direction  from  left  to  right.  The  beginning  of  the  trial  ca  moc  be 
the  starting  point,  or  subjects  would  not  have  been  able  to  exnibit  tne  excel¬ 
lent  transfer  observed  in  Experiment  2.  The  point  at  which  the  system  re¬ 
verses  direction  is  also  implausible.  Subjects  having  to  wait  for  this  event 
before  starting  their  prediction  process  could  not  exhibit  switching  times 
less  than  one  reaction  time  after  the  system  reversed  direction.  However,  tor 
the  orbits  farthest  from  the  target  Subjects  A^ and  C  exhibited  switching 
times  less  than  200  msec.  Without  a  likely  starting  point  for  estimating 
elapsed  time,  this  second  explanation  also  appears  implausible. 

A  third  explanation  of  the  upward  shift  for  Subjects  A,  B  and  C  is  that 
in  using  a  response  completion  schema  their  ability  to  predict  the  motion  of 
the  system  over  the  duration  of  one  reaction  time  was  relatively  accurate  for 
the  inner  orbits,  but  not  for  the  outer  orbits.  In  the  outer  orbits,  the 
motion  of  the  system  more  nearly  approximated  a  constant  acceleration  in  the 
period  immediately  prior  to  the  observed  switching  loci.  Rosenbaum  (ref.  17) 
has  reported  correlational  data  indicating  subjects  can  pxtrapolate  constantly 
accelerated  motion  to  a  fixed  reference  point  with  consider  able  accuracy. 

There  are.,  however,  a  ntimher  of  otbpr  in  which  sx.jects  have  had 
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considerable  difficulty  in  extrapolating  accelerated  motion  in  manual  track¬ 
ing  tasks  (refs.  18,  19,  20)  and  in  predicting  collision  with  a  second  object 
moving  at  constant  velocity  (ref.  21).  In  these  latter  experiments,  subjects 
tended  to  underestimate  or  ignore  the  increase  in  velocity  of  an  accelerated 
motion.  In  the  present  experiment,  this  kind  of  bias  would  lead  to  subjects 
initiating  their  switching  response  too  late  and  overshooting  the  desired 
switching  locus  in  agreement  with  the  observed  data.  This  bias  would  have 
much  less  effect  in  the  inner  orbits  because  of  the  lower  level  of  accelera- 
tion  in  these  orbits. 

labile  it  is  not  possible  to  rigorously  exclude  any  of  the  above  three 
explanations  on  the  basis  of  the  present  data,  the  third  explanation  does 
lend  itself  as  the  most  plausible  alternative  both  because  of  its  agreement 
with  previous  studies  showing  difficulty  in  extrapolating  accelerated  motion 
and  because  this  explanation  does  not  have  to  postulate  any  different  kind 
of  information  processing  for  the  inner  and  outer  orbits.  One  snerial  case 
of  a  process  model  fitting  this  third  explanation  is  a  model  used  by  Miller 
(ref  9).  He  assumed  that  subjects  specify  the  switch  completion  locus  in 
terms  of  position  cues  and  use  a  constant  velocity  extrapolation  of  the 
svstem's  motion  over  a  200  msec  reaction  time.  For  each  of  the  four  subjects 
in  the  present  experiment,  this  model  predicts  an  upward  shift  of  the  speeded 
switching  locus  on  the  inner  five  orbits  of  approximately  50  msec  on  the 
doubled  time  scale  used  to  compare  performance  on  the  two  simulations.  The 
probability  of  felling  to  reject  the  null  hypothesis  for  at  least  one  of  the 
Lur  subjects  given  a  true  shift  of  this  magnitude  is  approximately  .005, 
which  suggests  that  this  model  should  be  rejected.  The  probability  value  is 
so  low  primarily  due  to  the  data  of  Subject  B. 

\  model  assuming  constant  acceleration  extrapolation  predicts  shifts  of 
less  than  6  msec  on  the  doubled  time  scale  for  both  the  inner  and  outer 
orbits,  even  with  an  assumed  reaction  time  as  long  as  350  msec.  This  model 
can  also  be  rejected  by  the  present  data.  One  cannot,  however,  reject  the 
possibility  that  subjects  made  some,  though  Insufficient,  use  of  acceleration 
information.  This  latter  kind  of  model  can  approximate  the  present  data 
more  accurately  than  Miller’s  model  by  assuming  some  usage  of  acceleration 
extrapolation  and  a  reaction  time  longer  than  200  msec. 


CONCLUDING  REMARKS 

One  aspect  of  these  experiments  was  to  compare  subjects'  switching  pat¬ 
terns  with  optimal  switching  behavior.  The  optimal  control  theory  solution 
to  stopping  the  harmonic  oscillator  was  not  used  in  a  direct  way  to  generate 
a  process  model  for  the  human  controller  as  has  been  done  by  Klein^n,  Baron, 
and  Levi  son  (ref.  22)  for  tasks  involving  continuous  correction  of  random 
disturbances.  Rather,  the  optimal  control  solution  was  used  as  a  reference 
for  examining  qualitative  aspects  of  the  subjects’  performance  such  as  intra- 
orbit  switching  variance  and  the  monotonicity  of  the  switching  locus.  The 
Kleinman,  Baron,  and  Levison  model  assumes  that  the  human  controller  has  a 
veridical  representation  of  the  system  he  is  attempting  to  control,  and  when 
necessary  the  criterion  function  that  the  subject  is  assumed  to  be  optimizing 
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is  adjusted  away  from  nominal  values  in  order  to  match  the  model  to  subjects* 
behavior.  In  the  present  experiments  it  has  been  assumed  that  subjects  are 
alwavs  attempting  to  minimize  time,  and  that  deviations  from  optimal  perfor¬ 
mance  can  be  attributed  to  a  non^eridical  characterization  of  the  pendulum¬ 
like  system.  The  plausibility  of  this  interpretation  would  be  enhanced  if 
incorporating  evidence  for  non-veridical  internal  models  into  the  more  de¬ 
tailed  process  models  of  continuous  tracking  behavior  led  to  superior  predic¬ 
tion  of  subjects*  performance  in  those  tasks. 

According  to  the  three  stage  learning  model  described  in  Experiment  I, 
the  subjects*  difficulty  in  approaching  the  optimal  control  solution  is 
attributable  to  their  not  taking  into  account  the  system* s  tendency  to  ac¬ 
celerate  toward  its  natural  equilibrium  position  at  the  center  of  the  target. 
However,  even  after  Subjects  A  and  C  overcame  this  difficulty,  their  lack  of 
perfect  transfer  on  the  outer  orbits  with  the  speeded  simulation  has  been 
attributed  to  Insufficient  use  of  acceleration  cues  in  predicting  the  sys^. 
tem*s  motion  over  the  duration  of  their  reaction  times.  These  results  are 
not  surprising  in  that  only  ordinal  knowledge  of  the  increasing  acceleration 
of  the  system  with  distance  from  the  target  is  necessary  to  permit  subjects 
to  curve  their  switching  loci  downward.  In  contrast,  more  than  ordinal 
knowledge  of  acceleration  is  necessary  for  appropriate  short-term  prediction 
of  the  system* s  motion  to  permit  perfect  transfer  with  the  speeded  simula¬ 
tion.  The  data  for  Subject  B  are  surprising,  however,  because  this  subject 
showed  the  most  evidence  of  using  acceleration  information  for  short-term 
prediction  in  the  inner  orbits,  but  did  not  take  the  system*s  acceleration 
into  account  in  the  shape  of  his  switching  locus. 

Another  aspect  of  these  experiments  was  their  support  for  the  existence 
of  schemata.  Subiects*  ability  to  exhibit  the  same  switching  locus  with 
new  initial  conditions  not  previously  encountered  and  vith  the  speeded  simu¬ 
lation  are  evidence  that  a  generalized  skill  was  learned.  The  three  different 
tvpes  of  transfer  tasks  used  in  these  experiments  occurred  at  different 
ooiuts  in  practice  and  tested  different  segments  of  the  overall  first  switch 
pattern.  By  combining  some  of  these  transfer  tests,  future  research  may  be¬ 
gin  to  ask  more  specific  questions  about  developmental  aspects  of  the  skill 
involved  in  controlling  a  dynamic  system. 

In  their  schema  theories  of  motor  skills,  both  Pew  (ref.  23)  and  Schmidt 
(ref.  11)  have  treated  the  conditions  of  the  external  environment  and  the 
performer *s  musculature  as  inputs  which  determine  the  choice  of  an  appropriate 
motor  response.  However,  the  converse  relationship  is  also  quite  plausible 
for  many  skills  —  namely,  that  the  range  of  possible  reponses  determines  the 
performer *s  choice  of  internal  and  external  environmental  conditions  for  be¬ 
ginning  a  response.  In  the  present  experiments  it  has  been  assumed  that 
subjects  had  only  a  single  possible  motor  response,  a  stereotyped  button 
press,  and  the  choice  of  external  environmental  conditions  for  response  ini¬ 
tiation  was  therefore  the  only  choice  available  to  them.  In  more  complex 
skills  involving  a  variety  of  possible  responses,  both  kinds  of  choices  are 
probably  involved.  For  example,  the  skilled  tennis  player  described  by 
Bartlett  (ref.  24)  may  possess  the  versatility  to  begin  his  stroke  over  an 
entire  range  of  possible  conditions  of  the  ball,  the  racket,  and  his  muscula- 
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,  Ki»  nf  altering  the  form  of  his  stroke  accordingly.  How- 

cure  and  be  extent  ^he  has  the  ability  to  choose  the  internal 

ever,  to  ®2Ltal  conditions  for  his  stroke  by  appropriately  posi- 

and  external  ^nvironmenta  particular  point  in  the  ball’s  trajectory, 

tioning himself  J"®jghes  to  execute  Sill  determine  his  choice  of 

The  form  ot  t  e  ®  °  well  as  vice  versa.  The  conception  of  a  motor 

environmental  by  motor  theorists  is  appropriate  for  describing 

recall  S';^“ema  P  choose  the  form  of  Che  response  given  the  environ- 

a  generalized  ab  y  ^ion  of  stimulus  recognition  schema  as  empha- 

nental  conditions.  Th^P^^  appropriate  for  describing  a  generalized 
sized  in  .  environmental  conditions  given  the  desired  form  of  the 

ability  to  choose  th  general  theory  of  skilled  performance  must 

response.  two  aspects  of  choice  are  related  in  situa- 

fi^r^Selfi^rer^^hrfo^;  of  the  response  nor  the  environmental  condi¬ 
tions  are  fixed. 
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CONTINUOUS  COMPENSATORY  AUDIO  MANUAL  TRACKING 
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SUMMARY 


For  the  purpose  °f_"his^investigation  cojjtinuous 

oSratormaSpulaLf fmanual  control  “in''response  to  a  continuous  audio 
input  or  commLd  signal;  and  attempts  to  null  out  any  changes  in  the  audio 
command  by  generating  appropriate  manual  responses. 

The  investigation  was  prompted  by  several  recreational  glider  pilots, 

1  3  Hpvic©  callcd  ail  audio  variometer  to  adjust  their 

rnghna^i"^  Ldio  variometer  is  a  sensitive  differentiating  altimeter. 

!hich  produces  an  audio  output  proportional  to  the  glider’s  rate  of  climb 
(or  ^atroHink?  as  the  case  may  be)  .  If  the  glider  is  climbing  the  pitcn 
of  the  audio  tone  output  climbs,  if  the  glider  is  falling,  the  audio  pitch 
falls  The  glider  pilot  is  thus  able  to  adjust  his  control  tactics  in 
response  to  the  audio  tone  output,  and  use  his  eyes  for  enjoying  tne 

scenery. 

An  analog  computer,  a  voltage  controlled  oscillator,  and  a  side  am^ 
we^e  ‘-mploved  tc  sinulate  a  single  axis  continuous  compensa  ; 
I'alo  nlZal  ‘trucking' task.  A  student  built  digital  interface  sampled  four 
channels  of  real  time  simulation  data,  for  later  analysis  by  a  dedicated 
NOVA  1200  mini  computer. 

The  rather  limited  results  indicated  a  corner  frequency  for  this  task  ^ 
in  the  region  of  1/10  hz.,  well  below  the  corner  frequency  for  visual  manual 
tracking  tasks.  It  was  observed  that  those  subjects  who  had  had  some 
musical  training  produced  consistently  better  audio-manual  tracking  resul  _, 
when  compared  to  subjects  who  had  had  no  musical  training. 


INTRODUCTION 

intermittent  control  of  a  human  operator  .^/^ime 

link  has  been  with  mankind  for  a  surprising  long  period  of  time. 

An  SSeelS'centu^rhelmsman  piloting  a  sailing  vessel  through  fog  used 
hL  Sr^fselect  a  course  in  response  to  bells,  foghorns,  and  perteps  t.ne 
Lund  of  breaking  waves.  A  mule  skinner, 

twenty  mules  into  a  borax  loading  station,  responded  to  yelled  ^udio 
commands.  Under  such  circumstances,  where  both  decision 
constants  easily  exceeded  one  second,  audio  control  worked  and  still 

admirably. 
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panding  variety  of  appiicati  ^^ononse  to  a  bell,  whistle,  woop,  or 

-  -re  fro::  rh:Tortroversial  atomic  reactor  scramming 

siren,  are  g^j-ir^sounding  automobile  ignition  on  buzzer.  Recently, 

controls  to  the  sur  y  commands  have  been  investigated  and  then 

electronically  ^  audio  feedback  control  link.  Simpson  and 

applied  as  a  ^  ^  au  audio  control  link  in  the  context  of 

Williams  (6)  investig  ^pcificallv  they  discussed  the  ground  proximity 

or.tt  colUsiop  ca~«cl.l  .irUnes,  and 

r>2er.rtreh““Lrc^~s'rr:Llr.d  m  Lspo„se  to  the  aedlo  slgn.t, 
aJ.d  the  audio  systems  appear  to  work  admirably. 


.  .  ov,  n  1-hpsis  on  audio  compensatory  tracking,  has 
Vinje,  who  compensatory  tracking.  His  1972 

written  several  O,  ,  enumerates  several  early  investigations 

caper,  co-authored  witn  in  response  to  audio  control 

if  a  pilot's  ability  to  ~h“o  an^aircraft^in^resp^  „isb-T rueblind  flight-. 

signals;  '^5°”  ..plption  of  the  "Flybat"  esperimento,  (Flybar  - 

Forbes  et  al.  s  (2)  195  P  al.'s  (3)  1966  paper  concerning 

Flying  »V  auditory  rereren«.,  „,Hicle" . 

•»***^coustic  displays  j-n 


conversely,  when  continuous  »nu.l  r/syst'e^  per- 

operator  in  response  is  somewhat  vague.  A  small  to  fair 

formance  reported  in  t.  literature,  primarily  deal- 

amount  of  experimental  work  instrument  flight  rules  (IFR) ,  with 

ing  with  sLh  fs  a  pitch, ’roll,  or  yaw  display 

reSSbi  Si::  i-Tof  a'udio  whistle,  ohlrp,  burs  or  other  cohtinuou.ly 
variable  aural  display. 


rrmoa  --par  fot  audio  manual  tracking  papers.  Mirchandani 
1972  was  Display  in  a  Dual-Axis  Tracking  Task"  ,  based 

(4)  discusse  ,  ‘  '  thfosls  of* 1971.  Mirchandani  suggested  that 

upon  his  MIT  Master  s  ,•  in  existing  systems,  such  as,  in  air- 

"surplementary  auditory  .  ***  could  improve  the  performance 

planes  ire^rbrsysternfmore  efficient"."  Vinje  wrote  his 

of  the  operators  an_^  k  ^^y_^  displays  for  IFR  Hover  Control,  and  pre- 

“rtid  Thfiesilii  «  almost  the  enact  same  time  that  Mirchahd.hr  suggested 
the  application. 


—  IT  IT - 

Vihi.  dcncluded  that  ■■••pilots  could  control  .h^.u- 

r:rct":.TeirLr:i:iLi:r;s:ny  a„d  ..parateiy  displayed-. 


vi.uaiii.ii:h:i"i:erroi:“haf::e“di:pS^^^^^^^ 

tracked. 


This  is  directly  opposed  to  the  conclusion  reached  three  years  later. 
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in  1975,  by  Uhlemann  and  Geiser  (7),  when  they  reported  on  "Multivariable 
Manual  Control  with  Simultaneous  Visual  and  Auditory  Presentation  of  In¬ 
formation".  Uhlemann  and  Geiser  specifically  state  that  "***  visual  dis- 
Dlavs  are  indispensable".  Furthermore,  if  visual  displays  are  widely 
L-Lated  by,  say  70  degrees  of  arc,  so  that  the  pilot  must  turn  his  head 
to‘'rtcf;arI;us  Lsplays,  then,  in  this  case,  auditory  support  of  the 
visual  display  can  help  -  but  -  "the  auditory  support  should  be  attached  ^ 
to  the  least  important  control  system".  This  is  exactly  opposite  to  Vin^e  s 
1972  conclusion,  that  "An  audio  display  was  most  effective  when  it  pre¬ 
sented  a  signal  which  was  important  to  the  pilot,  e.g. ,  a  nonredundant 
signal  which  changed  rapidly  and  which  was  directly  related  to  a  con- 
trolled  variable". 

Clearly,  uniform  agreement  on  the  value  of  auditory  control  does  not 
presently  exist. 

Furthermore,  agreement  on  the  most  suitable  type  of  audio  display  does 
not  exist  either.  Vinje  found  the  best  display  to  be  continuously  varying 
tones  from  330  to  4300  hz. ,  interrupted  near  the  zero  error  point,  and 
presented  to  either  the  left  or  the  right  ear  as  the  operator's  input  func¬ 
tion  switched  sign.Vinje's  audio  display  is  illustrated  in  Figure  1. 

Uhlemann  and  Geiser  found  the  best  display  to  be  a  constant  frequency  800 
hz  tone,  of  varying  amplitude  or  voliome,  presented  to  either  the  left  or 
the  right  ear  as  the  operator's  input  functions  switched  sign.  Uhlemann 
and  Geiser 's  audio  display  is  illustrated  in  Figure  2. 

To  the  best  of  my  knowledge,  none  of  these  experimentally  investigated 
audio-control  systems  has  seen  the  light  of  day  to  day  use.  Intermittent 
cr  discrete  audio-manual  control  systems  do  not  exist  in  quantity.  Con.i..uous 
audio-manual  control  systems  do  not  exist  in  quantity. 

However,  at  least  one  continuous  audio-manual  control  system  does 
commercially  exist  and  is  used  with  same  degree  of  regularity. 

This  investigation  was  prompted  by  several  recreational  glider  pilots, 
who  commonly  employ  a  device  called  an  audio  variometer  to  adjust  their 
flight  path.  The  audio  variometer  is  a  sensitive  differentiating  altmeter, 
which  produces  an  audio  output  proportional  to  the  glider's  rate  of  climb 
(or  rate  of  sink,  as  the  case  may  be).  If  the  glider  is  climbing,  the _ 
pitch  of  the  audio  tone  output  climbs,  if  the  glider  is  falling,  the  auaio 
Pitch  falls.  The  glider  pilot  is  thus  able  to  adjust  his  control  tactics 
in  response  to  the  audio  tone  output,  and  use  his  eyes  for  enjoying  the 
scenery.  Figure  3  displays  the  response  of  such  an  audio  variometer. 

AUDIO  VARIOMETERS 

Seve’-al  types  of  Audio  Variometers  are  marketed  by  the  firm  of  GRAHA:4 
TF.OMSON  LTS.,*  who  kindly  supplied  the  information  concerning  variometers 
that  is  presented  here.  A  most  significant  point  concerns  the  establisnment 
of  a  set  point  or  zero  point,  when  continuous  audio  tones  are  employed  to 
convey  information  which  varies  both  in  magnitude  and  in  polarity,  or 
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»  relatively  high  lr*l».hey  of  3000  ht.  aa  ahe»r.  In  Fig^e  4  te- 

preaent::  tL  Pesitlve 

a  relatively  et  1„„„  na. 

negative  nnint  of  zero  error.  For  compensatory  tracking,  -he 

represented  the  ,he  error  at  zero.  For  the  audio 

case  hz.  Zero  error  does  not  correspond  to  zero  sound 

zero  se  p  rather  to  some  intermediate  frequency.  Without  ^ 

or  zero  itch,  keeping  a  frequency  reference  in  mind  is 

a  sense  of  if  not  impossible.  Hence,  another  audio  tactic 

•f  tiah  y  ewlgya^  “  diatingnlah  ^aitiva  arrnra  fret,  r.acativa 

iLotrlnd  to  indicata  taro  ot  tolerably  a.»ll  errors. 

The  oo».etcial  -Canbridg.  Triple-Range 
a  1,  TT  anHir."  uses  an  interrupted  tone  for  positive  rate  Ca  cn-mo 
errofs'Ld  a  continuous  whistle  tone  for  negative  rate  of  climb  errors. 
This  is  illustrated  in  Figure  5. 

“ItrrVuotrdr  ::of  i:afearrh»el^Sr^^^^^^^ 

;SindS"s"tSirg  the^tr.ebln,^a«n.l^tr«  t.  right  «r  the  lett  ear 

vLJforrutinT ’nd  JeL;r  are  ;ot  used  in  thla  p.rticnlar  applloatlon  of 
audio  manual  tracking  to  the  control  of  a  glider. 

o  =1  alid-r  Pilots  with  thousands  of  hours  of  experience  were 
sever  g  '  P  claimed  that  the  audio  variometer  was  a  pig 

interviewed,  and  t.  ^^riometer.  A  third  stated  that  he  likec  it 

improv^ent  over^^he^vis  using  it  entirely,  because  the  whistle  got  on 
at  first,  b  pilots  who  held  favorable  opinions  concerning  tne 

his  nerves.  the  audio  variometer  also  mentioned  that 

thfroftirdisconnected  or  turned  down  the  audio  output  in  order  to  .-.ear 
the  rush  of  the  wind,  or  just  plain  silence. 

o-K-rr  anniication  of  audio  manual  tracking  by  glider  pilots  was  tne 
,■  .^id  SylSnppIigation  phb  .uphor  ha,  bpovl.dg.  of.  C=«.«--ial 
firs-  MAqA  researchers,  and  every  control  expert  that  was 

airline  pi  actual  applications  of  audio-manual  tracking  were 

r'rIrrS  ^grietToJitician  ifan  election  year  -  that  is,  there  were 
not  anj  applications  at  all,  aside  from  the  glider  system. 

*Graham  Thomson  Ltd.,  3200  Airport  Avenue 
“iMonica,  California  90405  (213)  398-4714 
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EXPERIMENTAL  APPARATUS 


The  investigation  consisted  of  a  simulation,  flown  by  students  who, 
with  only  one  exception,  had  no  musical  training.  The  basically  simple 
experimental  set-up  is  depicted  by  the  block  diagram  of  Figure  6.  The 
TR-20  analog  computer  generated  the  single  sine  wave  input  signal,  and 
formed  the  system  error  in  response  to  the  input  signal  and  the  system 
dynamics  modeled  by  the  analog  computer.  The  results  presented  later  on 
deal  only  with  the  case  of  unity  controlled  dynamics,  although  other  higher 
order  dynamics  were  investigated.  A  NOVA  model  1200  digital  computer 
sampled  the  system  input  signal  (sine  and  cosine  components) ,  the 
operator's  input  signal  (which  was  the  system  error),  and  the  operator's 
output  signal  (which  was  the  system  output  for  unity  dynamics) .  Sampling 
was  performed  ten  times  a  second,  and  the  analog  information  was  digitized, 
and  stored  on  a  magnetic  disk  file  for  later  data  analysis.  Figure  7 
displays  the  maior  digital  components  utilized. 

The  simulation  was  run  as  part  of  a  special  projects  electrical 
engineering  course  taught  at  the  Cooper  Union  in  N.Y.C.  One  group  of  stu¬ 
dents  designed  and  built  the  multiplexer,  another  group  built  the  analog 
to  digital  converter  and  the  requisite  computer  interface,  another  group 
built  the  digital  to  analog  converter  and  computer  interface,  and  the  last 
group  built  the  voltage  controlled  oscillator  and  amplifier,  which  pro¬ 
duced  the  actual  audio  output  signal.  After  much  trial  and  an  astounding 
amount  of  error,  the  entire  instrument  package  was  pronounced  up  and  runn¬ 
ing  all  in  its  cwn  bright  blue  relay  rack.  Funding  was  obtained  from  the 
field,  stream  and  sponge  department,  with  the  exception  of  a  $200  hard 
cash  IEEE  research  prize  won  by  the  supervising  student  group  that  per¬ 
formed  the  actual  experiment. 


RESULTS 


The  results  of  the  audio-manual  glider  pilot  tracking  simulation  are 
bothersome.  The  results  appear  to  indicate  that  audio-manual  tracking  is 
decidedly  inferior  to  visual  manual  tracking  -  even  though  some  glider 
pilots  claim  otherwise. 

To  allow  for  a  ready  comparison  of  results,  the  three  minute  tracking 
runs  were  performed  by  the  same  subject  three  different  ways.  The  subject 
performed  via  audio  tracking  alone/  via  visual  tracking  alone,  and  via  audio 
plus  visual  tracking. 

The  order  of  runs  was  reversed,  to  see  if  this  made  any  difference.  It 
did  not.  Several  different  audio  diaplays  were  used.  Some  were  clearly 
inferior,  some  were  clearly  superior.  Head  phones  were  superior  to  a  loud¬ 
speaker,  even  with  no  ear  switching  -  apparently  the  phones  cut  our 
extraneous  audio  noise.  A  pure  variable  tone  signal  with  no  absolute  zero 
reference  was  deary  inferior.  See  Figure  8.  The  best  audio  tracking 
signal  found  in  these  experiments  is  shown  in  Figure  9.  The  signal  con¬ 
sists  of  a  continuously  variable  tone  cf  constant  amplitadt:,  Lo  which  is 
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^  =  nnn<!tant  center  frequency  tone,  corresponding  to  a  zero  error,  vn-.er 
"thf  "racSnf  i  e^aL  or  is  nLrly  equal  to  the  center  troquency  re-- 
th-  -^acki  g  beats  grow  lower  in  frequency  as  the 

nulled  out,  from  either  error  polarity.  Zero  error  yields  zero 
Zll  an  extremely  easy  to  perceive  condition.  Large  errors  produce  tones 
ofelthL  Sgh  or  Lw  frequency,  which  clearly  give  polarity  rnformatron. 

Without  such  polarity  information,  sign  reversals  are  common  -  the 
A  o  not*  know  which  way  to  move  his  stick.  An  example  of 
Tl^r'y  tlTerlll  Ts  sZZn  in  the  recordings  of  Figure  10,  for  the  case  of 
tracking  with  no  zero  tone  reference.  Figure  11  snows  the 
,  resDonse  for  the  case  of  compensatory  visual  manual  tracking, 
operat  •ii„c:,-r,np  disulav.  It  is  effectively  identical  to  Figure  12, 

using  an  oscill  ^  ,  response  for  the  case  of  compensatory  audio- 

ton,,  in  both  thono 

vniial-n«nu^  k  .poroninat,  mgnitude  comet  frequency  of 

cesee,  the  ^ta  t  p  compensatory  oudio- 

approntmtely  0.4  *.n  th^_^ 

manual  tracking  -.-ner  frequency  is  found  to  be  slightly  less  than 

•o^rr^oraSi  af  o«:“  t^/n  the  visual  case.  Note  that  these 

frequencies  are  all  significantly  lower  than  the  figures  generally  re 
porSd  for  trained  operators  performing  tracking  experiments. 

CONCLUSIONS 

This  data  indicates  that  visual  tracking  performance  enjoys  a  band- 
.  hdi'antaae  nearlv  double  that  for  audio-manual  tracking,  for  th 

idealistically  simple  case  of  unity  dynamics  and  a  single  axis  tracking 
idealistically  simp  ^  interesting  to  note  that  the  single 

task.  J;„”,“«r„ed  fir  fester  then  th.  other 

ItudJUtly'^and  consistently  outscored  them  in  minimizing  total  mean  square 


T  ,-,,r,f-in.;ion  it  may  be  worthwhile  to  speculate  upon  how  a  glider 
.  -^uani  iSuzL  Ss  audio  variometer.  It  is  the  author's  opinion 
thif the  qlidL  pilot  does  not  continuously  track  the  audio  signal,  but 
that  th  5  intermittant  fashion,  to  provide  directional  goals 

rather  uses  it  in  an  controls  via  t'isual  tracking  of  the  horizon 

for  his  flight  f /hich  he  ^^^jectured  t.hat  the  glider  pilot 

a^ufuruses'vLri  Information  for  the  second  by  second  fine  control  of 

"  t^aSL  "rncSning  his  overall  performance  (is  he  going  up?  or 
ro"?r  wS "rtSn "ses  to  alter  his  flight  strategy,  in  a  long  term 

fashion. 
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Figure  1  ^  Pilot's 


Input  Signal,  Varying  Tone,  From  Vinje  (8) 


Heading  Display 
Frequency 


Figure  2  -  Pilot's  Input  Signal,  Varying  Volume, 
From  Uhlemann  and  Geiser  (7) 

Volume  of  800  Hz  Constant  Frequency  Tone 
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Figure  3  -  Response  Of  Phe  PIER  Audio 
Unit  For  Variometers 


Frequency  Of  Audio  Tone 


Figure  4  -  Continuous  Audio  Pitch  Versus 
Flight  Vector  Error  For  A  Model  Of  A 
"Zero-Reader"  Speed  Director  And  Variometer 
(Compensatory  Tracking  System) 
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Fiqure  5  -  Audio  Output  Of  The  Cambridge 
Triple-Range  Variometer  With  Speed  Director 
And  Mark  II  Audio  Unit 


Audio  Pitch,  Hz 


Fiqure  8^  -  Compensatory 
With  No  Zero 


Audio  Manual  Tracking 
Reference  Tone 


Performance 


Sinusoidal  Audio  Frequency  Tracking  Tone 


Figure 


Normalized  Operator's  Response  to  Single  Sinusoidal 
Inputs  (average  of  10  runs) 
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Figure  9=  -  Compensatory  Audio-Manual  Tracking  With 
A  Zero  Beat  Reference  Tone 
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Fiaure  9h  -  Operator's  Performance  For  Compensatory  Audio- 
Figure  yb  Tracking  With  A  Zero  Beat  Reference  Tone 
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Figure  10  -  Analog  Outputs  Recorded  From  An  Audio-Manual 

Tracking  Simulation  Utilizing  A  Pure  Tone  Signal 
With  No  Zero  Reference  Tone.  (As  shown  in  Figure  4) 
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SUMMARY 


The  Honeywell  Remote  Oculometer  was  used  to  obtain  eye  pursuit  tracking 
data  on  eight  subjects.  A  three-minute  recording  of  Gaussian  noise,  band- 
wiSh  liSed  to  1.5  HZ  served  as  the  forcing  function.  A  galvo-laser  syst^ 
rear  projected  the  forcing  function  onto  a  vertical  viewing  screen  as  a  spot 
of  light  randomly  moving  in  one  dimension  (horizontally  or  vertically)  with  a 
maximum  excursion  of  +5’  visual  angle  as  viewed  by  the  subject.  Each  subject 
tracked  the  forcing  function  twice  vertically  and  twice  horizontally  in  a 
balanced  design.  Frequency  analysis  of  the  data  showed:  (1)  coherence 
values  were  essentially  the  same  for  both  horizontal  and  vertical  eye  track¬ 
ing  (2)  average  vertical  gain  (.70)  was  significantly  higher  than  average 
horizontal  gain  (.62)  with  both  showing  no  drop  with  frequency,  and  (3)  phase 
va=  essentiallv  the  sa.me  for  both  vertical  and  horizontal  eye  tracking,  was 
linearly  correlated  (-.99)  with  frequency,  and  could  be  represented  as  a 
transport  delay  of  .125  seconds. 


INTRODUCTION 


Stated  similarities,  or  differences,  between  horizontal  and  vertical  eye 
tracking  capabilities,  in  smooth  pursuit  tracking,  are  based  upon  meager  ex¬ 
perimental  evidence.  This  study  was  designed  to  obtain  substantial  eye 
tracking  data  on  eight  subjects.  Of  specific  interest  were  possible  differ¬ 
ences  in  coherence,  gain,  and  phase. 


APPARATUS 


A  three-minute  recording  of  a  Hewlett-Packard  3722A  Noise  Generator,  set 
at  infinite  sequence  length  and  at  0.0  to  1.5  Hz  Gaussian  Noise  Bandwidth, 
served  as  the  forcing  function.  An  optical  projection  system  consisting  of  a 
low  power  laser  and  a  pair  of  galvo-mirrors 'rear  projected  the  forcing  func¬ 
tion  onto  a  cloth  screen  in  the  form  of  a  1/2”  diameter  spot  of  red  light 
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•r,  nnf.  dimension,  either  horizontally  or  vertically,  about  a 
randomly  moving  i  screen  The  maximum  excursion  of  the  forcing  lunc- 

c=„t«  by  bhe  subject.  The  ±5“  vtsuel  Mgl, 

tion  was  +5  visual  ^gi  ,  screen  and,  along  with  the  center  spot, 

positions  oints  fo^  both  the  forcing  function  and  the  subject  s 

served  as  calibration  poi  tracked  the  forcing  function  from  a 

roJitirrt^roprosite'side  of  the  screen  from  the  optical  projection 
system  and  equidistant  from  the  screen. 

line-of-sight  was  computed  using  the  AMRL  Honeywell 
The  subject  s  yc^  ^  complete  description  of  the  Oculometer  see  refer- 
Remote  the  oLlometer  prior  to  each  tracking  run  was  accom- 

ence  1.  Calibration  proiection  system  positioned  adjacent  to 

Ite  toilincciorSclcal  projection  systc.  The  Oculo.cter-drlvcn  laser 
spot  was  turned  off  during  the  tracking  run. 

Five  channels  of  a  seven  channel  1/2-inch  Ampex  300  instrumentation  tape 
Five  channels  time  code,  (2)  forcing  function  on  hori- 

::rtfl'ra“!'(3)1o"irg  fcnctlo.  on  vortical  mns.  (4)  horizontal  oyo  novo- 

ments,  and  (5)  vertical  eye  movements. 


procedure 


Eight  .»1.  stndonts 

"Tleri  Srerthe  horizontal  run  first  and  four  subjects  were  given  the 
subjects  were  given  tne  design.  After  seating  the  subject,  tne 

vertical  run  “^^t  in  a  b  1  calibrated.  The  subject  was  instruct- 

operation  of  comfortable  position.  The  only  constraint  placed  upon 

ed  to  sit  in  a  to  refrain  from  making  large  head  movements, 

the  subject  was  the  inst  -ractice  trials.  The  subject  was  instructed  to 

The  subject  was  not  given  y  P  ^  wirh  his  eves  as  the  spot  moved 

follow  '^J5®j.“°^allyron  the  screen.  The  subjects  were  screened  for 

horizontally  (  ^Between  runs  subjects  were  given  a  short  rest 

iwirrh^fo^cdg  functi;n  tape  was  rewound  to  its  starting  position  and  the 
equipment  calibration  was  checked. 


RESULTS 


of  the  tracking  sessions  for  the  eight  subjects  were 

.„o4rp'L“h. 

rh?$rc!sr--h.Thrp'£cpec„hi 

the  cross  power  ”  ted.  0»ly  the  sratlstld 

the  transfer  functions  i  g  fhis  renort  Development  of  a  de- 

analyses  of  these  data  are  presented  in  this  report.  Develop 
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scripcive  model  representing  subjects'  performances  will  be  accomplished  at 
a  later  date. 

The  data  for  the  two  horizontal  runs  and  for  the  two  vertical  runs  for 
each  subject  were  averaged  for  each  of  fifteen  frequency  points  between  0 
and  1.5  Hz.  Analyses  of  variance  were  performed  on  these  averaged  data  to 
obtain  the  horizontal  and  vertical  comparisons  presented  in  this  report. 

An  8  X  2  X  15  analysis  of  variance  was  performed  on  the  coherence, 
gain,  and  phase  data.  The  results  of  these  analyses  are  presented  in  Tables 
I,  II,  and  III  for  coherence,  gain,  and  phase  respectively.  Plots  of  co¬ 
herence  by  frequency,  gain  by  frequency,  and  phase  by  frequency  were 
obtained  by  averaging  the  data  across  subjects  for  each  axis  (Figures  1,  2, 
and  3) . 

The  analysis  of  variance  of  the  coherence  data  (Table  I)  shows  no 
significant  difference  between  horizontal  and  vertical  coherence.  In 
addition,  there  was  no  significant  interaction  between  axes  and  frequency. 
However,  the  effect  of  frequency  on  coherence  was  significant  and  can  be 
observed  in  Figure  1. 

Vertical  gain  was  significantly  higher  than  horizontal  gain  (Table  II 
and  Figure  2).  Vertical  gain,  averaged  across  subjects  and  frequency,  was 
.70  and  average  horizontal  gain  was  .62.  N"o  interaction  between  axis  and 
frequency  was  present  as  can  be  observed  in  Figure  2. 

No  significant  difference  between  horizontal  phase  and  vertical  phase 
was  observed  (Table  III  and  Figure  3)  although  a  small,  but  significant, 
interaction  between  axis  and  frequency  was  found.  The  increase  of  phase  lag 
with  frequency  was  highly  significant.  The  regression  of  phase  and  frequency 
for  both  axes  is  plotted  in  Figure  4.  Both  horizontal  and  vertical  phase 
showed  a  high  linear  correlation  (-.99)  with  frequency.  The  slopes  of  the 
regression  lines,  -71.13  for  the  horizontal  data  and  -66.85  for  the  vertical 
data,  represent  transport  delays  of  .131  seconds  and  .119  seconds  for  hori¬ 
zontal  and  vertical  eye  tracking  respectively.  (The  transport  delay  of 
1/15  sec  introduced  by  the  Oculometer  was  subtracted  before  computing  these 
values . ) 


DISCUSSION 


The  major  finding  of  this  study  was  the  significantly  higher  vertical 
gain  as  compared  with  the  horizontal  gain.  This  result  confirms  the 
observation  made  last  year  by  Shirachi  and  Black  (Reference  2).  However, 
two  of  the  eight  subjects  tested  showed  slightly  higher  horizontal  than 
vertical  gains.  Further  study  is  planned  to  examine  the  range  of  these 
individual  differences  (emphasized  by  Huddleston  in  Reference  3)  and  the 
persistence  of  this  observed  horizontal-vertical  gain  difference  with 
training. 
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Figure  3  does  not  appear  to  reflect  the  significant,  but  small,  inter- 
actio!  Ltween  axes  and  frequency  observed  in  the  analysis  of 
the  phase  data  (Table  III) .  However,  the  difterence  in  slopes  of  the  re 
^LKriines  shown  in  Figure  4  does  reflect  this  interaction. 

CONCLUDING  REMARKS 

In  this  study  comparing  horizontal  and  vertical  eye  tracking  performance, 
verti!!l  gain  was  found  to  be  significantly  higher  than  horizontal  gain.  No 
differences  were  found  in  coherence  or  in  phase. 
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TABLE  III 


ANOVA  for  Phase 


Error 

Term 


Axis  (A) 

Frequency  (F) 

Subject  (S) 

AxS 

FxS 

AxF 

AxFxS 


AxFxS 


Mean 

Square 

22.26 

13010.20 

1409.12 

227.21 

89.27 

60.57 

31.88 


0.0980 

145.7360** 


1.8996* 


*  p  <  .05 

**  p  <  .001 
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FREQUENCY  -  HZ 


Figure  1.  Horizontal  and  Vertical  Coherence  as  a  Function 
of  Frequency. 
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Figure  2,  Horizontal  and  Vertical  Gain  as  a  Function  of 
Frequency. 
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SUMMARY 


A  Helmet-Mounted  Sight  was  used  .to  obtain  two  dimensional  head  pursuit 
tracking  data  on  eight  subjects.  For  each  dimension,  Gaussian  noise,  band¬ 
width  limited  to  0.5  Hz  or  1.5  Hz,  was  alternately  recorded  (for  four 
minutes  and  2.5  minutes  respectively)  five  times  to  obtain  a  32.5  minute 
continuous  forcing  function.  A  galvo-laser  system  projected  the  forcing 
function  as  a  (target)  spot  randomly  moving  in  two-dimensions  with  a  maximum 
excursion  of  +10*  visual  angle.  The  follower  spot  (computed  head  position) 
was  projected  by  a  second  galvo-laser  system.  Frequency  analysis  of  the 
beginning  and  final  tracking  periods  for  the  0.5  Hz  tracking  data  revealed: 
(1)  no  change  in  horizontal  or  vertical  coherence  with  trials;  (2)  a 
significant  reduction  in  gain  from  trial  1  to  trial  5;  (3)  a  significant 
increase  in  phase  lag  from  trial  1  to  trial  5;  (4)  significant  differences 
between  horizontal  and  vertical  tracking  dimensions  in  coherence  and  phase 
lag;  and  (5)  several  significant  higher  order  interactions  involving  trials, 
axes,  and  frequency.  Coherence  analysis  of  the  1.5  Hz  tracking  data  revealed 
a  breakdown  in  linear  tracking  performance. 


INTRODUCTION 


This  study  was  conducted  to  determine  whether  extended  continuous 
pursuit  tracking  in  two-dimensions  with  a  helmet-mounted  sight  would  produce 
significant  changes  in  tracking  performance.  Of  specific  interest  were 
possible  changes  which  might  occur  in  coherence,  gain,  and  phase. 


APPARATUS 


Gaussian  noise  was  recorded  for  32-1/2  minutes  independently  on  two 
channels  of  an  instrumentation  tape  recorder .  The  bandwidth  of  the  noise 
generator  was  alternately  set  at  .5  Hz,  for  four  minutes,  and  then  at  1.5 
jj2,  for  2—1/2  minutes,  five  times  to  make  up  a  32—1/2  minute,  two— dimension— 
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al,  forcing  function  consisting  of  a  sequence  of  slow  and  fast  tracking 
sessions. 

An  optical  projection  system  consisting  of  a  low-power  laser  and  a  pair 
of  mirror^galvanometers  rear  projected  the  forcing  function  onto  a  cloth 

screerin  the  form  of  a  target  spot  of  red  light  randomly  moving  in  two 
screen  in  un  crreen  The  maximum  excursion  of  the 

dl.e„slo«  about  a  vLual  aagla,  a,  »law«i 

iowau  laa  «<i  uS^rlgM  10*  rtsual  angle  positions 
SrSd  of  tS  screen  served  as  calibration  points  for  both  the  forcing 
A  line-of-sight,  as  computed  by  the  heimet-mounted 

ShE  'TS  HofeJ^^U  Hei^tluJSS  sight  (^)  used  In  this  stud.  Is 

-1,  f  ^n  Reference  1  The  output  of  the  HMS  was  used  to  drive  a  second 
oftlcS  pr5ec;ir“:t»  uhUh  peoduced  the  follower  spot  o£  llSbt  ton- 
trolled  by  the  subject.  The  subject  tracked  the  target  laser  beam  from  a 
pof Son  In  the  opposite  side  of  the  screen  from  the  optical  projection 
system  and  equidistant  from  the  screen. 

Five  channels  of  a  second  instrumentation  tape  recorder  were  used  to 
record*  (1)  time  code  generator  signal,  (2)  horizontal  forcing  function, 

(3)  vftiS  forcing  fuLtion,  (4)  horizontal  (azimuth)  head  tracking 
reUnse,  and  (5)  vertical  (elevation)  head  tracking  response. 


PROCEDURE 


IPS  cSif  SiX  , 

mental  session.  The  helmet  visor  and  reticle  were  up  and  out  of  sight 
during  the  tracking  run. 


RESULTS 


Frequency  analyses  of  the  first  and  fifth  slow- fast  tracking  sessions 
for  the  eigh/subjects  of  this  study  were  performed  by  the  Dynamics  tech¬ 
nology  Applications  Branch  (AFDL/FBG)  at  W-PAFB  Only  a  f 

rdilluprLtSng  sS:;::"'  peu£0»a»cu  will  b,  ,cco,g.Uah«.  at  .  l.tut 
date. 

Slow  (.5  Hz)  Tracking  Data 

ThP  analvsis  of  variance  (Table  I)  of  the  coherence  data  for  the  first 
and  mth  slow  (.5  Hz)  tracking  runs  showed  no  significant  overall  change  in 


431 


coherence  with  extended  tracking.  However,  the  presence  of  significant 
higher  order  interactions  indicates  that  changes  did  occur  at  specific 
frequencies  (observable  in  Figure  1)  and  for  specific  axis  by  frequency 
combinations.  The  analysis  also  shows  that  while  horizontal  coherence  was 
significantly  greater  than  vertical  coherence,  this  difference  was  also 
specific  to  certain  frequencies  (observable  in  Figure  2)  and  for  certain 
frequency  by  trial  combinations. 

A  significant  reduction  in  gain  from  Trial  1  to  Trial  5  was  noted 
(Table  II,  Figure  3).  However,  a  significant  interaction  between  trials  and 
frequency  was  present  (observable  in  Figure  3).  No  overall  difference 
between  horizontal  and  vertical  gain  was  found,  but  a  significant  inter¬ 
action  between  axes  and  frequency  was  observed,  as  can  be  seen  in  Figure  4. 

A  significant  increase  in  phase  lag  from  Trial  1  to  Trial  5  was 
observed  with  no  interaction  effect  between  trial  and  frequency  (Table  III 
and  Figure  5) .  Vertical  phase  lag  was  found  to  be  significantly  greater 
than  horizontal  phase  lag  but  a  significant  interaction  between  axes  and 
frequency  was  present  as  can  be  seen  in  Figure  6.  Linear  regression  plots 
of  phase  lag  with  frequency  are  shown  in  Figure  7,  comparing  Trial  1  and 
Trial  5,  and  in  Figure  8,  comparing  horizontal  and  vertical  axes.  The 
coefficient  of  correlation  for  these  regression  lines  are  between  -.98  and 
-.99.  The  slopes  of  the  regression  lines  shown  in  Figure  7  for  Trial  1  and 
Trial  5  are  essentially  the  same  and  represent  a  transport  delay  of  .176 
seconds.  The  slopes  of  the  regression  lines  shown  in  Figure  8  represent 
transport  delays  of  .123  seconds  for  the  horizontal  axis  and  .232  seconds 
for  the  vertical  axis.  (A  transport  delay  of  1/30  second  introduced  by  the 
helmet-mounted  sight  was  subtracted  before  computing  these  values.) 

Fast  (1.5  Hz)  Tracking  Data 

Coherence  values  for  the  1.5  Hz  tracking  runs  averaged  well  below  .5. 
Consequently  the  analysis  of  the  gain  and  phase  data  was  not  considered 
appropriate.  An  analysis  of  variance  of  the  coherence  data  was  carried  out 
(Table  IV) .  The  analysis  reveals  no  significant  trial  effect,  but  a 
significant  interaction  between  trial  and  frequency  (Figure  9).  Horizontal 
coherence  was  significantly  higher  than  vertical  coherence.  However,  a 
significant  interaction  between  axes  and  frequency  was  also  present  (Figure 
10). 


DISCUSSION 


The  coherences  observed  for  the  fast  tracking  runs  were  surprisingly 
low.  It  is  believed  that  the  chief  reason  for  these  low  coherence  values 
was  the  subject’s  lack  of  experience  in  head  tracking.  A  study  to  examine 
the  effect  of  practice  in  head  tracking  upon  subject’s  coherence  scores,  as 
a  function  of  forcing  function  bandwidth,  is  planned.  Further  study  is  also 
needed  to  determine  whether  the  significant  interactions  between  trials  and 
frequency  and  between  axes  and  frequency,  as  observed  in  the  coherence 
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of  both  cho  slow  Stf's^poa/^o 

the  slow  tracking  coherence  data  the  intewct  ^ 

be  large  enough  to  be  as  compared  with  the  horizon- 

herence  data  the  frequencies  (Figure  10)  may  be  meaningful  in 

tal  coherence,  at  ttie  «^Sne  h  difficult  to  account  for  the 

t:rcc°lo„'“ln""“h:*:h;e  rr«r;te,»enclos  Oh  trial  5  a,  oowparad  to  Trial  1 
as  seen  in  Figure  9. 

.  c-  rr-ial  bv  frequency  and  axis  by  frequency  interactions 

The  significant  trial  tracking  gain  (observable  in 

present  in  the  analysis  sufficient  magnitude  to  be  meaning- 

Figures  3  and  4)  do  not  ^  trials  (fatigue)  would  have  more  of 

£„1  Although  “  ““  .airtto  upoh  tha\o;iao„t.l  awls  gala.  It 

u  ^o'n:::  th«  Ss  t?lal  (fatuua)  affect  is  sLll.r  tor  both 

the  horizontal  and  vertical  axes. 

AS  ahtlclpatad  th.  S’tTa^^ ll^S' p^li^alTa^gS 

.halyaihg  phase  angle  f flaguencles.  However,  this  effect  w.s 

than  byaroy*!  phase  at  the  hg  „iul  by  aars 

not  enhanced  by  tri  (  ^  significant).  Of  final  interest  is  the 

by  (fatigue)  did  not  affect  subject's  transport  delay 

observation  the  regression  lines)  but  instead  affected 

(as  represen  rPt„irp  7)  which  presumably  represents  an  increase  in 

'i:‘  0«  St  of  Lrunoar  dead  tLn  by  the  snbjact.  Further 

SudrirSadad  to  establish  the  significance  of  this  observation. 


CONCLUDING  REM.4RKS 


Tracking,  in  two  dimensions,  with  a  helmet- 
/riiSt  doerprodLe  significant  changes  in  tracking  performance.  The 
TZTts  rtur'Sed  ?hat  32-1/2  minutes  of  continuous 

d^cei  a  significant  reduction  in  gain  and  a  significant  n.crease  in  phase. 
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TABLE  I 


ANOVA  for  Slow  Coherence 


Source 

Error 

Term 

df 

Mean 

_ Square _ 

F 

Axis  (A) 

AxS 

1 

0.0684 

10.6386* 

Trial  (T) 

TxS 

1 

0.3766 

5.2078 

Frequency  (F) 

FxS 

8 

0.0226 

11.4054*** 

Subject  (S) 

7 

0.2008 

AxS 

7 

0.0064 

TxS 

7 

0.0723 

AxT 

AxTxS 

1 

0.0066 

1.6285 

FxS 

56 

0.0020 

AxF 

AxFxS 

8 

0.0054 

2.9605** 

TxF 

TxFxS 

8 

0.0079 

2.5036* 

AxTxS 

7 

0.0041 

AxFxS 

56 

0.0018 

TxFxS 

56 

0.0032 

AxTxF 

AxTxFxS 

8 

0.0094 

4.6307*** 

AxTxFxS 

56 

0.0020 

*  p  <  .05 

**  p  <  .01 

***  p  <  .001 


TABLE  II 


ANOVA  for  Slow  Gain 


Source 

Error 

Term 

df 

Mean 

Square 

F 

Axis  (A) 

AxS 

1 

0.1753 

0.5626 

Trial  (T) 

TxS 

1 

1.6763 

9.1965* 

Frequency  (F) 

FxS 

8 

0.3962 

26.7230*** 

Subject  (S) 

7 

0.1368 

AxS 

7 

0.3116 

TxS 

7 

0.1323 

.\xT 

AxTxS 

1 

0.0446 

1.5769 

FxS 

56 

0.0148 

AxF 

AxFxS 

8 

0.0225 

3.3025** 

TxF 

TxFxS 

8 

0.0301 

2.4085* 

AxTxS 

7 

0.0282 

AxFxS 

56 

0.0068 

TxFxS 

56 

0.0125 

AxTxF 

AxTxFxS 

8 

0.0049 

0.9502 

AxTxFxS 

56 

0.0052 

*  p  <  .05 

**  p  <  .005 

***  p  <  .001 
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TABLE  III 

ANOVA  for  Slow  Phase 


Source 

Error 

Term 

df 

Mean 

Square 

F 

Axis  (A) 

AxS 

1 

5597.5 

35.6682** 

Trial  (T) 

TxS 

1 

2056,6 

5.8132* 

Frequency  (F) 

FxS 

8 

5670.7 

64.3181** 

Subject  (S) 

7 

1277.9 

AxS 

7 

156.9 

TxS 

7 

353.8 

AxT 

AxTxS 

1 

21.5 

1.0928 

FxS 

56 

88,2 

AxF 

AxFxS 

8 

397.8 

9.2252** 

TxF 

TxFxS 

8 

18.5 

0.6683 

AxTxS 

7 

19.6 

AxFxS 

56 

43.1 

TxFxS 

56 

27.6 

AxTxF 

AxTxFxS 

8 

33,6 

1.1698 

AxTxFxS 

56 

28.8 

*  p  <  .05 

**  p  <  .001 


436 


TABLE  IV 


ANOVA  for  Fast  Coherence 


Axis  (A) 

Trial  (T) 

Frequency  (F) 

Subject  (S) 

AxS 

TxS 

AxT 

FxS 

AxF 

TxF 

AxTxS 

AxFxS 

TxFxS 

AxTxF 

AxTxFxS 


AxS  1 

TxS  1 

FxS  15 

7 
7 
7 

AxTxS  1 

105 

AxFxS  15 

TxFxS  15 

7 

105 

105 

AxTxFxS  15 

105 


0.5696 

1.1553 

0.0429 

1.3447 

0,0725 

0,3196 

0.0181 

0.0158 

0.0613 

0.0352 

0.0145 

0.0112 

0.0138 

0.0351 

0.0124 


7.8571* 

3.6152 

2.7184** 


1.2516 

5.4819*** 

2.5506** 


2.8318** 


*  p  <  .05 
**  p  <  .005 

***  p  <  ,001 
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SLOW  COHERENCE  -  T  x  F 


=  TRIAL  1 
=  TRIAL  5 


0  74  i 


FREQUENCY  -  HZ 


Figure  1. 


Coherence  as  a  Function  of  Frequency  for  Trial  1 
and  Trial  5:  Slow  (,5  Hz)  Tracking  Data. 


SLOW  COHERENCE  -  A  x  F 


=  HORIZONTAL 
=  VERTICAL 


0  74 


FREQUENCY  -  HZ 


Figure  2. 


Coherence  as  a  Function  of  Frequency  for  Horizontal 
and  Vertical  Tracking  Dimensions:  Slow  (.5  Hz)  Tracking 


Data. 
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REGRESSION  -  T  F 


Figure  7. 


Regression  Between  Phase  and  Frequency  for  Tr.al  1 
and  Trial  5:  Slow  (.5  Hz)  Tracking  Data. 


Figure  8. 


egression  Between  Phase  and  Frequency  for  Horizontal 
nd  Vertical  Tracking  nitnensions;  Slow  (.S  Hj:)  Track  g 
ata. 
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COHERENCE 


FAST  COHERENCE  -  T  x  F 


0  60' 

052 

044' 

'0  36 

0^8 

020 


- =  TRIAL  1 

-  =  TRIAL  5 


T"  T" ! T  :  ^  •  ■ 

3  4  5  6  7  a  9  10^  2  3  4  5  S  7  8  9  10^ 

FREQUENCY  -  HZ 


Fizure  9.  Coherence  as  a  Function  of  Frequency  for  Trial  1  and 
Trial  5:  Fast  (1.5  Hz)  Tracking  Data. 


Figure  10.  Coherence  as  a  Function  of  Frequency  far  Horizontal 
and  Vertical  Tracking  Dimensions:  rast  (1*5  llz; 

Tracking  Data. 
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A  COMPARISON  OF  IN-FLIGHT  AND  GROUND-BASED  PITCH  ATTITUDE 
TRACKING  EXPERIMENTS 
by  M.F.C.  van  Gool  aad  H.A.  Mocij 
National  Aerosnace  Laboratory  NLR 

SUITttRY 


3ervo-analysis,  applying  Tnatheraatical  models  of  rrnnan  pilot  behaviour, 
^„'^oT-'-''-:rient"'aonrcach  to  broaden  the  understandin-  of  the  "match"  between 
t^e  "characteristics  of  the  flight  control  system-aircraft  combination,  the 
human  pilot  and  the  displays.  Ouasi-linear  models  can  be  used  in  this  ti-pe 

of  analysis.  ^  .... 

The  influence  of  motion  on  the  human  pilot  characteristics  in  commana- 

tvce  nitch  attitude  tracking  experiments  is  investigated  in  flight  and  in  a 


svinc-base  flight  simulator  (also  used  f ired-base ) . 
The  results  are  com.pared  with  results  of 
in  the  literature. 


Investigations  published 


INTRODUCTION 


Research  directed  at  the  development  of  criteria  for  good  handling 


es  of  'aircraft  under  manual  control  has  been  in  the  past  and  will  be 
'-"ture  an  important  on-going  activity.  The  emergence  of^new^tech- 

*  '  *  *  0n,3.1  'IG  o 

ecent  emphasis  on 


in  the  _ _ 

V- -T  r. ^ .-m >  -  ,,  4  v.pv.ri and  the  associated  chan^r'-i- 

forms  the  most  imnortant  reason  for  these  activities. 


in 


nOb  O  XCLIIO  i  - - - 

cc’t/vp'.;  'Control  Configured  Vehicle/Fly- By-Wire )  tecnnologj’’  to  be  applied 
nroducticn  type  aircraft  emnhasizes  the  need  for  development  of  adequate 

handlinc  quality  criteria.  _  _  • 

Vanning  Quality  criteria  I'ormulated  in  tne  .orm  o_  speci.ications^ 
or  "re'ghahons*"  are 'in  many  cases  not  directly  applicable  to  aircraft  with 
ine  electrical,  closed-loop,  primary  flight  control  systems  as  they  are  pro¬ 
posed  in  contemporary  design  studies. 

gpy..ro-analvsis ,  anplying  mathematical  models  of  num.an  pilot  control 
haviour* ' is  an  efficient  approach  to  broaden  the  understanding  of  the  "match" 
between  the  characteristics  of  the  flight  control  system/aircraft  combi¬ 
nation,  the  human  pilot  and  the  displays  and  can  therefore  be  used  in  the 
formulation  of  handling  quality  criteria. 

Quasi— linear  models  can  be  used  in  this  ti’xe  of  anaxysis.  Avaixable 
quasihinear  models  have  been  developed  for  certain  simnle  piloting^ con¬ 
trol  tasks  such  as  single-loop  compensatory  tracking,  using  data  which 
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! 


h3.v0  been  mninly  obbs-ineci 
is  considered  vnd.u3.bde  ’•v- 
models  for  particular  circ 
tions  using  flight  sirnulat 
studies  can  be  carried  out 
pilot-aircraft  system  rV^r 
flight  simulator.  In  audit 
pilot's  control  behaviour 
the  prediction  can  be  exte 
A  discussion  of  the  c 
pilot  transfer  character is 
enneriments  uill  ce  presc.j 


inder  laboratory-type  experimental  conditions.  It 
-e  able  to  validate  the  applicability  of  these 
Lumstances  such  as  handling  qualities  investiga- 
crs.  Follcving  such  a  validation,  servo-analysis 
to  nredict  stability  and  performance  of  the 
■  i o .rn*  1  *  .•’^irat ions  in  t:i‘: 

'1  '.V 1  le  o  *. 

ion,  if  knowledge  on  the  relation  between  the 
in  flight  simulators  and  in-flight  is  available, 
nied  to  the  in-flight  situation. 

crrelation  of  in-flight  and  ground-based  measured 
tics  based  on  results  obtained  during  three 


liUMAi:  OPEPAlCb 


:Y::;d-!ics  ri  closed-loop  ccirRCL  systicis 


Because  many  pile  ting 
sxter iment al  analysis  o* 
nest  of  the  research  offer* 
related  tc  the  ir.yestigattc 
In  such  ccntrol  situati  . t'.s  . 
function  ip,  driving  the  :c 
fun  c  t  i  o  n  Y  c »  P  ^  '-j  "-*'-* 

which  sn.ows  the  error 

A  helpful  concept  for 
and  the  controlled  element 
satorpt  control  systems  lo  t 
and  otbiers  ibei‘3.  i  anu  « 
Based  on  the  observati 
wide  r ange  o  f  uy  nam  i  o  p rc:-; 
transfer  function  Yp  — 

in  the  frequency  range 
The  model  has  tne 


'.rcVlems  involve  principally  one  axis  and  because 
:  multilcop  control  situation  is  vei^’*  complex, 
retorted  in  the  literature  up  to  now  has  been 
;  of  single-loop  compensatory  ccntrol  systems, 
ihe  niict,  characterised  by  the  describing 
itrolled  element,  characterised  by  its  transfer 
“ion  to  one  ccntrol  task  having  a  visual  stimulus 
oeen  command  input  and  system  output, 
iescribing  the  relation  between  the  human  pilot 
transfer  characteristics  in  single-loop  compen- 
be  ’'crossover  model"  as  formulated  by  McRuer 

ons  of  compensatory  control  systems  covering  a 
ri  L:-3  of  the  controlled  element,  the  open-.-oop 
v^c^presented  by  a  single  two-parameter  model 

Yj'4  ^cl  =  - 

l,uing  loimi: 


a)  e 
c 


-jfore 


CO ^  —  crossover  ir^rc..' 
=  effective  time 
Up'^to  now  the  ma.icrit: 
determined  only  on  the  gru. 
set  of  experiments,  descri' 
moving-base  flight  simulat 
The  dynamic  character 
system/aircraft  comoinatic 
cipal  experimental  variarl 
-  Experiment  I  The  control 


..  of  accurate  describing  functions  have  been 
ur.d  (and  mostl:^  from  fixed-base  eicperiments  y .  Tne 
bed  in  this  paper  covers  in-flight  as  well  as 
or  and  fixed-base  flight  simulator  environments, 
istics  of  the  controlled  element  (flight  control 
n:  and  the  operational  environment  were  the  trin¬ 
es  during  the  investigations,  listed  below: 
led  element  was  a  pitch  attitude  controller  with 
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itcr.-rate-corcnand/attitude-hold  properties  and  selectable  dynamic 

■yiracteristics.  .  ^  ^ 

ex-erinents  were  carried  out  in  flight  with  a  Beechcraft  Queen  Air 
Vrc-aft  fitied  with  a  model- following  flight  control  system.  The  general 
for  the  transfer  function  of  the  controlled  element  is: 


e 


K^Cs+I/Tq) 


0  2, 

s(s'‘+2CQft>gS+m,  ) 


/T,,  .J,  and  K,  were  selectable  over  a  wide  range  while  Cg  was  maintained 
lose  to  O.T  in  all  cases.  _ 

•v..-,  ’’'=■**'*  3.bl 6  dvr*aniics  wers  iiiecha.niz0d  according  to  th©  so-called  ^.rexixter 
'  "oilowing  nrinciple  as  described  in  reterence  3. 

II  The  dynamics  of  the  flight  control  system/ aircraft  combina- 
“■,riI^V':d<=r-H/ca‘  to  those  used  in  Exneriment  I,  but  the  e.xperiments  were 
-•■-i' out  in  the  meving-base  flight  simulator  of  the  Department  of  Aero- 
.T-d  doace  ::nu:i:'.eering  of  the  Delft  University  of  Technology  whicr. 
ms  also  usel  fixed -base.  . 

■vr-— i-'-^nt  III  The  controlled  element  again  was  of  the  pitch-rate-coimmand/ 
."1 although  this  characteristic  was  not  obtained  through 
l-l-'-'llowin/but  was  inherent  to  a  pitch  attitude  controller  designed 
'.'a  Simulated  jet  transport  aircraft  having  neutral  static  stability 
: reference  . 

“-.'"^.'.^e^nfiguration  Direct  Lift  Control  (DLC)  "augmentation"  was  pro- 
"in’orovint  manoeuvring.  Lift  modulation  was  commanded  directly  by 
jr.'ljx  lisnlacement' through  a  wash-out  filter.  These  experiments  were  carried 
-;r  th.e  same  flight  simulator  used  in  Experiment  II. 

"’-'7. only  a  small  part  of  *he  result  of  these  experiments, 
-sttrolled  elements  than  presented  here  nave  been  evaluated.  Furthermore 
-e->'ur'^i  for  all*  oci'.trolled  elements,  are  not  presented 
rater.  However  th.ese  results  are  presented  in  the  complete  report 
those  exteriments ,  reference  5. 

'  F-r  Ixreriment  I  and  II  a  comparison  of  the  tracking  results  for  one 
-.■-e  oentroJ  led  elements  (C-3)  in  different  environments  (in-flight, 
fixed-base  simulator)  will  be  presented  to  demonstrate 
e  "effect  of  motion  on  hu-man  tracking  behaviour.  For  Experiment  III  a_ 
mrariron  of  the  tracking  results  for  two  controlled  elements  having  iden- 
'’a'  •"'"0^  attitude  characteristics,  but  differing  due  to  direct  lilt 

and  a--  without  DLC),  will  be  presented  tc 
"c; :--t'rr.he  effect  cf  DLC-rieave  motion.  The  transfer  functions  of  these 
»  vv' '  '  <'ire  presented  in  ■. 


PILOT  DESCRIBING  rJNCTIONS  AND  MATHEMATICAL  MODELS 


Toerir.ent  I  and  II 

e  forcing  function,  injected  into  the  display  was  a  sum  of  10  sinusoids 
th\^cut-off  frequency  of  1.5  rad/sec.  {h  sinusoids  were  used  as  low 
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nplitude  high-frequency  shelf).  The  average  pilot  describing  functions  for 
hree  environmental  conditions  are  presented  in  figure  2. 

In'  accordance  with  the  crossover  model  a  large  amount  of  pilot  lead  has 
een  generated.  This  can  be  demonstrated  by  the  parameters  of  a  1-parameter 
ilot  model^that  has  been  fitted  to  the  describing  functions: 


L  ^  •MO  T 

Y  3s  - -  e  ^  e 

P  \ 


:  =  gam 

-  -  lead  time  constant 


=  lag  time  constant 
=  effective  time  delay 

iith  a  fitting  procedure  that  emphasizes  a  good  fit  in  the  neighbourhood  of 
crossover  frequency,  the  following  average  results  are  obtained: 


i  -  /  derr  stick  v 
i  cm  disnlay 


T_(sec;  T.  (sec)  t  isec) 


In 

(2 

pilots,  c  r 

uns  eac] 

•5 

0.1 

3.0  ! 

0.26 

Moving-nase 

(U  pilots,  5  runs  each; 
Fixed-Base 

{2  pilots,  5  runs  each) 


2.2  0.30 


■ixed-base  results  a.re  different  from  results  with  motion.  With  motion 
'.igher  lead  time  constants  and  lower  steady  state  gams  are  obtained. 
Lxneriment  III 

ihe  forcing  "function  consisted  of  a  sum  of  sinusoids  forming  a  spectr’om^ 
’  ^irst-orde^  off  share  with  a  :ut-off  frequency  of  1  rad/sec  (agai 

augmented  with  a  low- amplitude  high-irequency  shelf).  j.he  average  pilo^ 
iescribing  functi  :ns  for  the  .-onfigurations  with  and  without  direct  lift 

trol  are  presented  in  figure  3.  ‘ 

The  parameters  of  the  d-parameter  pilot  model,  obtained  in  the  same 

vav  as  for  Experiment  I  and  II,  are  as  follows. 


With  DLC 

(U  pilots,  5  runs  each) 


Without  DLC 

(2  pilots,  5  r^ans  each) 


T  (sec] 
0 


1.2  i  0.32 


It  is  observed  that  with  additional  translational  motion  due  to  DLC,  the  gain- 
decreases  and  the  lead  time  consta.nt  increases. 


Pilot-aircraft  performance 

Loon  bandwidth  and  stability  as  expressed  in  crossover  frequency  and 
phase  margin  and  the  performance  measures  Score  (  =  1  relative 


remnant, 


-) ,  related  to  the  pilot’s  input,  are  as  follows. 


(ji 

C 

^m 

Score  j 

1 _ t 

Ext  • 

I  Ir.-Elight 

1 

1  .  ^ 

55 

0 . 5^ 

0 . 66 

tXp  « 

IT  yoving-Base 

2,0 

31 

0.55 

0 .  tE 
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Exp . 

II  Fixed-Base 

2.0 

i6 

0.^5 

0.66 

Exp. 

III  :-!oving-Base 

with  DLC  1.- 

5U 

0.8i 

0.56 

Exp. 

III  Moving-Ease 

without  EEC  l.S 

UU 

O.Sl^ 

0.32 

With  resnect  to  Experiments  I  and  II  it  can  be  observed  that  in-. light  ^ 
the  crossover* frequency  is  lover,  the  phase  margin  is  higher  and  the  Score  is 

.i.ower  tiian  me  .  .i*g— case  •  ^ 

with  resnect  to  Experiment  II,  it  is  observed  that  moving-base  the  phase 
-ar^in.  Score' and  the  relative  remnant  are  higher  than  fixed-base. 

""^"with  resnect  to  Sxcerim.ent  III  it  can  be  observed  that  for  the  con- 
t^olf  “d  element  with  DLC  the  crossover  frequency  is  lower  and  the  phase 
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In  the  eva! 
periments  it  ha: 
out  in  which  thj 
pitching  motion 
pitch  and  heave 
In  general 
circular  canals 
leration  (P.ef.  n 
mechanism  which 
system  are  such 
proportional  to 


luation  of  the  influence  of  motion  on  the  outcome  of  the  ex- 
s  to  be  kept  in  mind  that  command-type  tracking  has  been  carried 
e  displayed  error  signal  is  not  congruent  with  the  actual 
and  in  which  a  frecjuency  dependent  relation  exists  between 

motion.  ^  * 

sensing  of  angular  motion,  usually  associated  with  the  sen: 
”  can  be  characterized  as  a  second-order  response  to  angular  acce- 
; .  It  is  believed  that  a  threshold  is  incorporated  in  this 
1  has  a  value  of  0.5  deg/sec2.  The  dynamics  of  the  second-orde; 
i  that  from  0.2  to  10  rad/sec,  angular  motion  perception  is 
)  angular  rate.  For  prolonged  turning  the  "subjective"  signal 
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washes  out.  The  treshold  value  for  angular  rate  hased  on  this  number  is 

2.6  deg/sec  for  the  pitch  axis  (Ref._2)  _  _  _  „ 

StS’^sing  of  linear  motion  is  ordinarily  associated  Wxth.  i-ne  utricles 
which  are  sensitive  to  the  total  applied  force  (Because  the_utricles  do  net 
respo'nd  only  to  inertial  accelerations  but  to  the  total  applied  force,  they 
have  to  be  considered  specific  force  indicators'. 

pQv.  nhe  discussion  here,  the  inputs  to  the  utricles  wil*  oe  referred  \^o 
as  accelerations .  The  model  for  linear  notion  sensing  presented  by  the 
author  of  reference  6  can  be  characterized  as  that  of  a  second-order  system 
responding  to  linear  acceleration.  Because  it  is  estimated  that  the  two 
first-ord-r  break-noints  are  located  at  frequencies  of  0.1  and  1.5  rad/sec, 
the  subjective  perception  of  acceleration  over  the  frequency  range_of  interest 
is  accompanied  by  large  phase  lags.  It  is  believed  that  also ^ in  this  case  a 
threshold  is  present  which  has  a  value  of  0.  i  m/sec  (Re;.,  o;  for  the  ve.— 

tical  axis.  ,  . 

vossiblv  the  mentioned  threshold  values  are  even  higner  in  tracking  ex- 
pe-ile-tslbecause  the  pilot  experiences  both  visual  and  motion  inputs,  as 
opposed  to  the  experiments  described  in  reference  o  were  the  subject  con¬ 
centrated  solely  on  the  task  of  detection  motion. 

*To  be  able”  to  estimate  the  amount  of  motion  during  the  experiments,  the 
l-^vel  -otion  in  each  of  the  three  experiments  has  been  computed.  Root  mean 
scua’-'-  (-Tm.s.)  values  of  pitch  rate  and  vertical  acceleration  are  as  follows 


threshcl.i  for  Experiment  II. 

For  Exneriment  III  the  r.m.s.  of  pitch  rate  vas  somewhat  ceiov 

hold.  Vith  respect  to  the  r.m.s.  value  of  vertical  acceleration  an 
obser’/ed  for  the  exneriment  with  DLC  as  compared  to  the  experiment 
that  durir.2  ar.  appreciable  part  of  the  time  a  level  of  motion  ec’sa 
value  eksted,  the  vertical  kcceleration  'rfith  DIC  has  been  atove  the 
Turniriiw  to  the  literature  it  is  chser^/ed  that  t:cst  tra 


the  perception  thres- 
increase  of  50  0  is 
without  DLC.  Assitring 
1  to  twice  the  r.r..3. 
tercertion  thresheid 
,c>ing  investiga- 


rluding  rotational  motion  have  Lee 


rith  disturcance-tyt 
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N. 
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•  tv’us  havine  rotational  notion  congruent  to  the  display 

»=■  in?es.i8atio,s  described  id  references  7 

“““S  r„%rf:re'S  “f  rre^iorerbr^! 

^^T!!^963rL  --  ;=eb  .ddiiion^f  “TenScfafi?  !irSS“V"c. 

tracking)  in  a  redundant  and  can  be  used  to  nainta 

^^clSol"'of  tL  sF-*em.  Mother  way  of  saying  this  is  that  the  ner 

--- r  irre"{“  r))t 
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appearing  co^cand  i^p^-^  difference  ce 

^rAunrrthe' vehicle  notion,  while  the  ves'ibular  systen  senses  ire 

;:;L  Vehicle  notion  there  is  a  "conflict"  =etween_the  two  noaa.i.ie.  *. 

vc^ixv.,  ^  ’O  ■^rs.t  vben  tni3  conxi.s.Co 

The  authors  of  reference  -2  conc^ade  .,.au^-ne.. 

viari-t- 1 -T  -1*  “th-  not-ion  inpu-s. 

Dixots  apparently  ig.^o.  a  ^  arinlitude 

-.  euu-v  -,-''£'^•7.*^  >*ot.at lonal  motion  usj-^ig  ct 

°or^^‘^g"'‘i?^ricn  is  reported  by  -Tuf^ker  and  Benlcgle  (Ref.  .. 
connand-i-jpe  ^  ..„eir  investigations  that,  "the  rrunan 

joTol-  y’^ioffTib  anplitude  notion  infornation  when  ccntr 

S;;fS;  .cSb  oAb,  fo^  »  concroiiei 
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:i_eneno  ;;U-rt=HT-ect  -"o  translational  notion  in  cor.nana  trac 

could  be  fnteSing'to'neMion  Sat  lingland  ,  ^ 

in  this  soudy  it  is  ^ons-c^  -•-■d  •'o"owinn  ccnc-t 

-  -'  107; )  state  tnat  anotc^  c-..ers  c..-  -- — - 

ey  per 


ea 


♦rc-  - 


Stanleford  ( Hef . 


the  vcrr: 


can  be  dra’.m  from 
tracking; 

-  Low  level  linear  acceleration  cues^can 
improve  terfornance  in  trac/.ing  tas.ts  ^ 

-  Performance  improvements  with  linear  motion 
dependent . 


'A^ith  resneotf  dis^ 
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effect ivel 
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cues  are  hi; 


sue j  ect 


C0-.ar.d-t:n>d  tracking  ckpcricer.ts  bavc  teed  carried  cat  vitb  a  c.-.c:.- 

r.te-cord..na/a-.ty-uac-bcld  flight  cor.irci  sjs-er.  .or..r.l_-d  -/ 

^^^'^SS^resUltrS^the'Sxperinents  give  reason  to  believe  that  the  e:':^cj 
of  rotational  potion  during  j^Mncf I'S  rcSt'SjrelbeS' 

™;S=g"  0  “fr:Sen?  ie.MMr.fion.  ih.is  is  obser-,,d  for  an  e:t- 

requiriiig  mu  ^  ^  sinuiator  motion  level  was  xower 


periment  during  which 
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threshold  of  human  motion  perception.  This  result  is  in  accordance  with 
^%%atio;made  by  Junker  and  Replcgle  { 19T5)  for  >^_ge  amplitude  motion 

Translational  motion  existing  during  the  tracking  tasxs  (aircraft 
the  values  of  crossover  frequency  and  Score  and  thus 
SSS  performance  in  the  pitch  tracking  tasks  as  com- 

pared  to  the  performance  obtained  fixed-oase. 
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SUMMARY 


Dynamic  characteristics  of  the  unrestrained  human  head  movement  control 
svstem  are  measured  as  a  function  of  headgear  weight  and  size  of  the  stimulus  tra¬ 
jectory  envelope.  The  coherence,  gain  and  phase  spectral  characteristics  are  un¬ 
affected  by  variations  in  the  weight  of  the  helmet  and  associated  head  line-of-sight 
measurement  hardware;  however,  a  gain  amplitude  nonlinearity  related  to  stimulus 
visual  field  size  is  shown  to  exist. 


INTRODUCTION 


Significant  hardware  developments  during  recent  years  now  permit  practical, 
remote  measurement  of  an  operator's  head  line-of-sight  with  good  accuracy  anu 
reliability.  The  advent  of  this  practical  capability  has  stimulated  numerous  proposed 
applications  of  Visually  Coupled  Systems,  control  systems  which  are  directed  by 
natural  head  movements  with  feedback  information  displayed  in  the  operator's  visual 

^Present  address:  Computer  Sciences  Corporation 
1101  San  Antonio  Road 
Mountain  View,  California  94043 
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field  The  purpose  of  this  investigation  of  head  pursuit  tracking  was  to  proviue 
dynamic  performance  data  to  aid  in  the  evaluation  of  the  head  movement  system  as 
an  active  contro’’  '  to  identify  important  design  considerations  in  the  fuPire 
development  o  -d  line-of-sight  measurement  systems. 


Several  DoD  agencies  and  ^ASA  are  seriously  consider!  .g  potential  applications 
of  head-aimed  control  systems  for  aircraft  flight  control,  head  slaved  simulator 
displays  navigation  and  reconnaissance  sensor  control,  and  target  designation. 
Chouet  and  Young  [l]  have  shown  that  a  head  position  measurement  device  can  be 
used  as  an  efficient  means  of  controlling  vehicular  attitude,  especially  for  fj^ree- 
a.Kis  manual  control,  and  other  investigations  of  Visually  Coupled  Systems  [2.  have 
demonstrated  the  feasibility  of  head -controlled  sensors  and  weapon  systems.  Heaa 
line-of-si^rht  measurements  are  also  being  considered  for  selection  and  control  of 
aircraft  cockpit  information  displays  and  as  a  means  of  providing  accurate  bearing 
to  way  points  for  precision  uixlating  of  onboard  navigation  systems. 


All  these  applications  of  head  control  take  advantage  of  the  operator’s  proprio¬ 
ceptive  feedback  and  utilize  the  rapid,  precise  head  movement  coordination  which  is 
•1  natural  physiological  activity  in  man  and  is  coupled  to  his  perception  of  ana 
reaction  to  his  environment.  The  research  reported  herein  describes  the  character¬ 
istics  of  unrestrained  head  movement  as  a  function  of  headgear  weight  and  angular 
size  of  the  visual  field  in  which  the  pursuit  task  occurs. 


METHODS  , 

E\pevinien:al  Apparatus 

A  Honeywell  Helmet-Mounted  Sight  (H.MS)  which  measures  the  operator's 
helmet  angular  line-of-sight  in  real-time  was  used  to  observe  dynamic  head  move¬ 
ments.  The  Honeywell  H.MS  [3  j  computed  head  line-of-sight  coordinates  from  in¬ 
formation  generated  by  scanning  infrared  light  beams  transmitted  from  freed - 
coordinate  -iight  fans"  mounted  beside  the  experimental  s”.bject  and  received  oy 
infrared  detectors  mounted  on  a  helmet  worn  by  the  subject.  An  electronic  computa¬ 
tion  unit  provided  analog  voltages  corresponding  to  the  horizontal  and  vertical 
coordinates  o.  the  head  line-of-sight.  The  following  three  helmet  configurations 
weio-hing  4-1/4,  3  and  3  pounds  respectively  were  used  in  the  experiments:  a  Navy 
Model  LG1065;  a  Phase  I,  lightweight  prototype,  Model  LG1087;  and  a  modified  Air 
Force  Model  LG1063  with  visor,  oxygen  mask  recepticles  and  associated  haraware 
removed  to  reduce  weir*'*'.. 

The  moving  target  stimuli  for  the  head  pursuit  tracking  were  generated  by  pro- 
iectin-  a  laser  beam  directed  by  an  .\-Y  mirror  galvanometer  system  onto  a  vertical 
viewing  screen  which  subtended  a  visual  angle  of  +20  in  both  vertical  and  horizontal 
axes.  The  vertical  and  horizontal  iiiput?  to  the  galvanometer  system  were 
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uncorrelated  and  consisted  of  band-limited,  Gaussian  noise  with  a  half-power  band¬ 
width  of  3  Hz.  The  helmet  weight  experiments  used  a +10  visual  field  as  the 
stimulus  projection  envelope,  and  the  angular  field  experiments  used  amplitudes  of 
+  5°,  +10°  and  +15°  for  the  stimulus  field. 

The  helmet  weight  experiments  were  conducted  on  two  experimental  subjects; 
the  ancmlar  field  experiments  were  performed  on  three  experimental  subjects.  For 
all  of  the  experiments,  one  subject  was  trained  and  the  other  subjects  were  un- 
trained  The  angular  field  experiments  were  performed  with  both  the  2  and  4-1/4 
pound  helmets;  however,  since  the  results  were  identical,  only  data  for  the  2  pound 
helmet  is  presented  here. 


D.4T.4  .ANALYSIS 


The  data  analysis  method  chosen  for  investigation  of  the  head  movement  system 
dynamics  was  power  spectral  analysis  [4,  5  ] ,  and  the  frequency  information  of  the 
spectral  analysis  permitted  a  comparison  of  the  authors*  data  with  those  in  the 
literature.  Using  power  spectral  analysis  techniques,  one  may  directly  compute  the 
system's  linear,  input-output  transfer  function  and  coherence  function  which  is  a 
quantitative  measure  of  the  credibility  associated  with  the  computed  linear  transfer 

function. 

It  is  assumed  that  the  measured  output  response,  x(t) ,  is  the  sum  of  an  input 
stimulus,  u{t) ,  multiplied  by  the  system  transfer  fimction,  h(t) ,  plus  an  additive 
noise  source,  n(t),  which  is  uncorrelated  with  the  input. 

x(t)  =  h(t)  u(t)  +  n(t) 

F:rn(t)u(t)]  =  0; 

Performing  a  Fourier  transformation  of  the  input  and  output  variables  and  converting 
to  power  spectra 


where 


nx 

E[  ] 


ux 


=  H  G  + 
uu 


nx 


auto-power  spectrum  of  u(t) 


cross-po\"er  spectrum  of  ii(t)  and  x(t) 
cross-power  st^octrum  of  n(t)  and  x(t) 


expected  value  operator 
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Assuming  that  n(t)  is  uncorrelated  withx(t),  and  n(t)  is  zero  mean,  Gaussian 
noise,  then  the  use  of  ensemble  averaging  for  the  auto-  and  cross-power  spectra  for 
many  segments  of  frequency  computations  causes  to  approach  zero.  Therefore, 


G 

uu 


where  G  denotes  the  ensemble  average. 

2 

The  coherence  function,  y  ,  is  defined  as 


2 

y 


0 

0  <  Y  <  1.0 


where  G  =  auto-power  spectrum  of  x(t) . 

XX 

The  coherence  function  is  the  proportion  of  input  pov  r  contained  by  the  output 
power  spectrum  and  is  a  quantitative  measure  of  the  liner  .ausal  relationship 
between  the  input  and  output  of  a  system. 

Input-output  cross-correlations  were  computed  to  determine  the  time  delay  of 
the  output  response  relative  to  a  given  input  stimulus.  The  lag  time  corresponding 
to  the  maximum  value  of  the  cross-correlation  function  is  considered  as  the  time 
delay  of  the  measured  input-output  relationship. 


The  following  time  responses  were  recorded:  horizontal  stimulus,  vertical 
stimulus,  horizontal  head  movement  response  and  vertical  head  movement  response. 
For  each  of  the  stimulus-response  pairs,  cross-correlation  functions,  coherence 
functions  and  transfer  function  gain  and  phase  angle  spectra  were  computed  so  that 
direct  and  cross-coupled  characteristics  of  each  coordinate  axis  could  be  determined. 


RESULTS 
Helmet  Weight 

Data  recorded  from  the  helmet  weight  experiments  showed  no  appreciable 
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differences  in  the  coherence,  phase  angle  or  gain  characteristics  when  miS  helmet 
weight  was  increased.  The  spectral  characteristics  for  two  subjects  are  ^own  on 
Figures  1  through  6,  and  these  curves  show  no  appreciable  differences  between 
helmets  of  different  weight. 

Based  upon  the  definition  of  half-power  bandwidth  which  is  the  frequency 
re-ion  in  which  the  input-output  signal  power  transfer  function  remains  above  0  5  of 
maximum  signal  transmissibility  (Bendat  and  Piersol  [4]  )  and  forming  an  analogous 
definmon  for^e  coherence  function  where  a  coherence  value  of  0.5 
the  half-power  point,  the  bandwidth  of  the  head  movement  system  was  found  to  be 

approximately  2.0  Hz. 

The  transfer  function  gain  varied  between  0.3  and  0.4  for  horizontal  move¬ 
ments  and  1.0  and  1.5  for  vertical  movements  (figures  3  and  4) .  One  can  easi  y 
observe  that  the  vertical  gain  was  much  greater  tlmn  the  horizontal  gam,  and  these 
results  agree  with  those  of  Shirachi  and  Black  L6  J. 

The  phase  angle  curves  showed  no  differences  as  a  function  of  increasing 
helmet  weight  (figures  5  and  6) .  and  the  phase  angle  was  a  linear  function  of  fre¬ 
quency  as  determined  by  a  linear  least  squares  fit  of  the  data  points  with  a  corre 

tion  coefficient  greater  than  0.93. 


Visual  Field  Size 

In  contrast  with  the  results  for  the  helmet  weight  experiments,  there  was  a 
simificant  effect  of  visual  fi  Jld  size  on  the  transfer  function  gam  (figures  7,  8  an.i  9) . 
Ti^Tefse  of  Visual  field  size  produced  sizeable  increases  of  gain  throug  out  the 
response  bandwidth  of  the  head  movement  system.  It  should  also  be 
vertical  gains  were  always  greater  than  the  horizontal  gams,  just  as  n  the  helmet 
wei-K  experiments.  The  +5'"  stimulus  envelope  produced  quite  small  gams  m  th. 
region  of  0.07  tc  0.15  (horizontal)  and  0.2  to  0.7  (vertical)  and  theilo  envelope 
orSuced  gains  of  0.6  to  1.5  (horizontal)  and  1.1  to  3.0  (vertical) .  These  results 
indicate  tLt  an  interaction  exists  betiveen  tne  transfer  function  gam  and  size  o,  the 

stimulus  visual  field. 

The  coherence  functions  for  the  visual  field  experiments  were  similar  to  those 
for  the  helmet  weight  experiments.  Stimulus  amplitude  appeared  to  have  negligible 
effect  on  coherence  (figure  10a) . 

The  phase  angle  curves  also  showed  no  amplitude  effects  (figure  10b) ,  and  ^ey 

were  Unear  with  frequency  just  as  in  the  helmet  weight  “TJ  tL  1 

phase  angles  in  the  high  frequency  region  near  1.5  Hz  showed  less  phase  lag  than  the 

phase  curves  for  the  helmet  weight  experirients. 


459 


CONCLUSIONS 


The  head  movement  system  had  previously  been  thought  to  exhibit  linear  be¬ 
havior  which  can  be  modeled  by  a  constant  gain  term  in  series  with  a  time  delay 
element  (Shirachi  and  Black  [6]) .  However,  new  experimental  evidence  which 
shows  an  amplitude-dependent  transfer  function  gain  relationship  has  been  presented 
in  this  paper  which  appears  to  challenge  the  linear  model  of  Shirachi  and  Black.  The 
invariance  of  the  coherence  and  phase  angle  characteristics  with  stimulus  field  size 
combined  with  an  amplitude-dependent  gain  characteristic  do  not  conform  to  the 
linear  system  model.  It  is  not  readily  apparent  what  mechanism  or  mechanisms  are 
operating  to  produce  the  amplitude-dependent  behavior  presented  here.  Transfer 
function  gain  may  be  influenced  by  head  and  eye  interaction  at  small  stimulus  ampli¬ 
tudes,  Another  probable  factor  is  target  angular  velocity  which  varies  as  a  function 
of  stimulus  amplitude  when  the  forcing  function  bandwidth  is  constant.  However, 
future  experimentation  is  necessary  in  order  to  provide  sufficient  data  to  explain  the 
transfer  function  gain  behavior. 
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Transfer  function  gains  for  different  stimulus  field  sizes  for  three  experi¬ 
mental  subjects. 

Fig.  10a 

Coherence  functions  for  different  stimulus  field  sizes. 
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Transfer  function  phase  lag  for  different  stimulus  field  sizes. 
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COHERENCE  FUNCTION 


FIGURE  1 


TRANSFER  FUNCTION  GAIN 


FIGURE  7 


human  engineering  laboratory  helicopter  observer  performance  studies 

By  John  A.  Bames 

U.  S.  Army  Human  Engineering  Laboratory 
Aberdeen  Proving  Ground,  Maryland 


The  Systems  Performance  and  Concepts  Directorate  of  the  U.  S  Arar  Human 
Engineering  Laboratory  has,  since  1972,  been  conducting  a  series  of  fl^ht 
stales  ralarln*  to  so^^of^the  t, 

M!'le7rte  Lao  Engineering  laboratorv  Helicopter  Acquisition  Tests  (HEIHAT) . 


HEUiAT  I 


The  initial  studv,  reference  1,  was  conducted  in  October  19- 2  at  the 
qaval^'Lpons  Center,' China  Lake.  California.  -Wiis  Pf '""f 

coniunction  with  a  tri-service  target  detection/acquisition  test.  The  tesu 
was  designed  to  help  determine  which  was  the  most  advantageous  location  tor 
the  obseSer  position  in  operational  helicopters,  figure  1.  The  68  simul^e 
tactical  low  Lvel  route  reconnaissance  missions  were  flown  by  pilot  °bsen- 
ers  from  the  1st  Cavalry  Division  using  AH-1  and  OH-58  helicopters.  The  tar- 
oets  were  twenty  items  of  1950-60  era  ordnance  and  three  bridges  set  along  a 
three  leg,  seven  mile  flight  course  over  rough  terrain  with  a  couer  of  scru 

growth. 

The  results  indicated  that  although  the  observers  detected  a  slightly 
inrcer  LSer  of  Lrgets  from  the  left  seat  of  the  OH-58,  there  -.ere  no  sig- 
nificant  differences  in  the  number  of  detections  that  could  be  d.tribu.e  o 
the  location  of  the  observer  in  the  helicopter. 


HELRAT  II 


The  second  flight  study,  reference  2,  was  conducted  in  July  and  .August 
of  1973  at  Aberdeen  Proving  Ground,  Maryland.  This  study  was  desire  to 
animus  W  determine  whetLr  a  single  observer  or  the  pilot  anc  _obsen-er 
team  could  perform  a  better  job  of  target  detection/acquisition  auring  low 
level  route  reconnaissance  using  the  CH-58.  The  36  pilots  and  f^se^^- 

ers  who  flew  the  24  flights  that  made  up  this  study  were  again  iron  Isc 
Svaw  Divislol  and  .any  of  tho.  had  flo„  in  thn  previous  study  at  China 

Lake. 

The  flight  course  was  set  up  along  a  three  leg.  15  ' 

flat  wooded  area  of  Aberdeen  Proving  Ground  and  nine  itei^  of  1.30-60  era 
ordnance  and  six  "Fire  Orange"  boxes  were  the  targets.  The  boxes,  which 
measured  4  feet  by  «  feet  by  1  foot  were  used  as  control  targets. 
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OH-58 


AH-1 


AH-i 


CONFIGURATIOxV 

Pilot  Right  Observer  Front  Pilot  Front 

Observer  Left  Pilot  Rear  Observer  Rear 


Fig.  1.  Experimental  Configurations 


An  ancillary  six  flight  Nap-of-the-Earth  (XOEj  test  was  fiowii  fter  the 
mam  study  had  been  completed.  This  test  was  flown  at  the  lowest  possible 
altitude  lepending  upon  the  height  of  the  around  cover;  the  altitudes  varied 
from  three  to  thirty  feet  as  the  crews  flew  an  "S’*  pattern  reconnaissance 
along  the  last  leg  of  the  low  level  course  in  the  reverse  direction.  The 
NOE  crews  had  great  difficulty  in  maintaining  their  geographical  orientation; 
crews  4  and  6  became  lost  and  had  to  be  told  by  the  over-flying  control  air¬ 
craft  to  climb  out  and  return  to  the  base.  Crew  5  also  became  disorientated, 
but  they  momentarily  went  to  a  higher  altitude  to  reorient  themselves  and 
then  proceeded  to  finish  the  mission  NOE.  All  of  these  crewmen  had  combat 
experience  and  had  had  some  NOE  training. 

The  results  of  HELHAT  II  are  shown  in  Tables  i  and  2. 
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TABLE  1.  TARGETS  DETECTED 

target 

TYPE 

CREWS 

OBSERVERS 

NOE 

ORDNANCE 

40% 

42% 

44% 

ORANGE  BOX 

76% 

42% 

67% 

OVERALL 

55% 

42% 

55% 

TABLE  2.  NOE  DETECTION  RANGE  (METERS) 
TARGET 


6 


HELHAT 

i-his  series,  reference  3,  was  published  in  1974 
The  final  portion  of  this  se  •  j  as  „ell  as  the  target 

nd  contained  the  major  portion.  these  two  flight  studies 

etection  ranges  achieved  by  the  ^a/altitudes  that  accoi^anied 

■he  maximum  detection  rang  pertinent  facts 

;hem  are  shown  in  Table  3.  ,  using  a  multiple  regression  technique 

dSSirihrsignificaw  factors  that  cootrlboto  to  success  u 
’arget  detection. 


TABLE  3 


Low  Altitude  Target  Detection  Efforts 
( APG  and  NWC) 


Target 

Description 

NAV  C  3 

M-2 11  Trucks  (3) 

NWC  6 

M4  Tractor 

NWC  10 

V-62  Van 

APG  5 

V.62  Van  w  Antenna^ 

NWC  23 

Bridge,  2  lane 

NWC  22 

Supply  Dump 

NWC  24 

Bridge,  1  lane 

NWC  19 

M-37  Truck  (3) 

NWC  26 

Pickup  Truck 

NWC  1 1 

"5mm  Sky  Sweep  Cun  ( 3 » 

NWC  16 

V-62  Van  w  Antenna 

APG  4 

Day-Glo  Orange  Box 

NWC  15 

M-i7  Tank 

NWC  17 

Truck,  Amphibious 

NWC  4 

M-535  Van 

APG  1 

M-258  Van 

NWC  12 

Searchlight  ( 3) 

NWC  13 

M.38  Jeep  (2) 

NWC  14 

"5 mm  Sky  Sweep  Gun 

NWC  7 

Bridge,  1  lane 

NWC  27 

Tractor  and  Tanker 

APG  2 

Day-Glo  Orange  Box 

NWC  9 

V-62  Van 

APG  3 

M-359  Van  w-  Antenna 

NWC  2 

105  mm  Howitzer  (3) 

NWC  1 

M-48  Tank 

APG  12 

Day-Glo  Orange  Bt^x 

NWC  5 

^Omm  Gun  Mount 

APG  10 

Day-Glo  Orange  Box 

.APG  13 

M-21  Rocket  Launcher (3i 

.\PG  15 

Day-Glo  Orange  Box 

.APG  14 

M-21  Rocket  Launcher 

APG  6 

M-38  Hard-Top  Jeep 

APG  7 

Dav-Glo  Orange  Box 

APG  9 

>LM387EI  Missile  Truck 

NWC  8 

Truck,  Amphibious 

Minimum  Detection  AGL  Maximum  Detection  Range 


Minimum 

Maximum 

Volume 

AGL 

Range 

Range 

AGL 

(Cubic  Feet) 

(Feet) 

(MeitTrs) 

(Meters) 

(Feel) 

1674  ea 

80 

1060 

1800 

280 

1273 

100 

930 

1020 

210 

1715 

580 

740 

320 

3405 

84^ 

570 

640 

249^ 

148,200 

100 

460 

785 

150 

69.445 

100 

420 

660 

250 

102,400 

90 

380 

1470 

260 

578  ea 

90 

280 

1130 

190 

665 

90 

280 

890 

230 

1944  ea 

90 

230 

550 

2"0 

2^>10 

220 

1060 

32 

80^ 

140 

840 

214^ 

2620 

no 

250 

510 

200 

2259 

no 

580 

1290 

310 

1678 

120 

1160 

2200 

2397 

120^ 

620 

1800 

362^ 

307  ea 

120 

310 

441 

150 

177  ea 

120 

190 

470 

300 

1944 

120 

190 

280 

160 

21,760 

140 

370 

760 

280 

3115 

160^ 

880 

1030 

320 

32 

186*^ 

230 

600 

35  r' 

1715 

190 

670 

830 

250 

7.7Q4 

189"'' 

5''0 

1880 

lb 

720  ea 

210 

1060 

1060 

210 

2881 

220 

610 

2320 

64 

239^ 

220 

400 

32S^ 

1637 

250 

637 

1000 

32 

268^ 

210 

640 

361^ 

422  ea 

296^ 

950 

950 

296^ 

32 

316^ 

400 

600 

41^° 

422 

310^ 

200 

500 

362^ 

434 

307‘-' 

100 

500 

434^ 

64 

329^ 

1600 

1600 

329^ 

1316 

370*= 

1240 

1290 

392*= 

2259 

370 

700 

700 

370 

^This  van  had  been  extended  by  3  feet. 

rew  score 
^Observer  score 


472 


N. 


The  results  of  the  stepwise  multiple  regression  analysis  of  the  268  de¬ 
tec*  'ons  in  which  the  desired  29  measures  for  each  detection  were  available 
indicated  that  the  significant  aspects  of  target  detection  were; 

Sighting  Angle 
Terrain  Slope/Roughness 
Target  Background  Conspicuity 
Target  Foreground  Conspicuity 
Target  Distance  from  Flight  Path 
Aircraft  Heading 

Aircraft  Altitude  Above  Ground  Level 
Aircraft  to  Target  Range 
Apparent  Target  Site 
Bearing  Estimate  Error 

IVhen  the  HELHAT  data  were  analyzed,  not  considering  Conspicuity  and 
Range  and  Bearing  Estimate  Errors,  there  were  some  changes  in  the  signifi¬ 
cant  variables.  These  831  detections  added; 

Target  Difficulty 
Relative  Bearing  to  Target 
Cloud  Cover 
Target  Length 
Target  Volume 

and  caused  the  deletion  of  Terrain  Slope/Roughness  and  Apparent  Target  Size 


POP-UP  STUDY 


A  third  flight  study,  reference  4,  investigated  the  effectiveness  of  a 
helicopter  using  the  pop-up  tactic  and  a  simulated  wire-guided  missile 
aca’nst  a  heavy  tank's  main  gun.  This  test  was  flown  in  August  of  1975  at 
Aberdeen  Proving  Ground.  This  was  a  dynamic  encounter  rather  than  a  passive 
one  <uch  as  HELHAT;  the  study  was  primarily  to  test  the  ability  of  the  tank 
crews  of  two  different  types  of  heavy  tanks  to  defend  themselves  against  a 
helicopter  gunship,  therefore  it  was  the  tank  crew  that  changed  rather  than 
1-he  air  crew  The  test  scenario  called  for  the  Forward  Observer  to  direct 
the  helicopter  to  move  to  one  of  the  eight  preselected  positions  to  perform 
the  aop-up  tactic.  The  tank  crews  had  been  briefed  that  they  would  be  liable 
to  encounter  helicopter  missile  fire  on  certain  portions  of  the  extensive 
tank  road  course. 

Tlie  mean  Air-to-Ground  and  Ground-to-.Air  detection  ranges  are  shown  in 
Table  4.  The  "LOS  Range"  entry  is  the  maximum  possible  range  at  which  either 
vehicle  could  have  seen  the  other  from  that  position.  'nie"ND"  entry 
cates  that  the  tank  crew  did  not  detect  the  ^'slicopter  during  the  attack  from 
that  position.  A  typical  engagement  plan  is  shown  in  figure  2.  The  Forward 
Observer  located  in  the  area  of  CP  22G  alerts  the  helicopter  to  proceed  to 
pop-up  position  II  for  the  attack  as  the  tank  will  be  in  his  line-of-sight 
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after  it  passes  CP  22G  enroute  to  CP  23G.  Figure  3  shows  the  helicopter  in 
SLe  position  at  position  II;  an  OH-58  was  used  as  a  substitute  for  the  ^-1 
beSSe  o^siheduling  problems.  Figure  4  shows  the  helicopter  on  as  inflated 
gunnery  run  against  the  tank;  this  procedure  was  used  to  alert  the  tank  crew 
S  Serilad  been  under  missile  attack  and  that  if  they  had  not  seen  the 
helicopter  before,  it  was  too  late! 


TABLE 

4.  POP-UP 

RESULTS 

(METERS) 

POP-UP 

POSITION 

LOS 

RANGE 

MEAN  A-TANK  RANGE 
AIR/GND  GND/AIR 

NEAN  F-TANK  RANGE 
AIR/GND  GND/AIR 

1 

2250 

1640 

1511 

1631 

1070 

2 

1000 

1000 

1000 

1000 

1000 

3 

3000 

]480 

1125 

1700 

1125 

4 

1400 

1100 

1120 

5 

1800 

1200 

720 

6 

1750 

1420 

485 

1303 

840 

7 

2100 

2030 

ND 

8 

2950 

2100 

ND 

HELCAT 


The  current  effort.  Human  Engineering  Laboratory  Camouflage  Application 
fHELCATi  is  the  air-to-ground  portion  of  a  larger,  interagency  camou- 
f  fgeSiSuon  Jest  in  whi?h  the  detectability  of  pattern  painted  tanks 
SbJiS  compared  to  that  of  camouflaged  tanks.  The  day  andnight  airborne 
chases  will  L  flown  in  mid-June.  During  the  day  phase  we  will,  for  the  first 
?Jmr  record  the  observer's  actual  eye  point  of  regard  during  an  air-to-^oimd 
target  search.  We  will  measure  the  single  glance  dwell  time,  the  total  dwell 
JSfLrSe  observer  field  of  view  for  each  of  the  day  target  detections 
The  night  phase  will  use  the  AN/PVS5  Night  Vision  Device  as  an  observer  aid. 

The  results  of  the  study  will  compare  observer's  daytime  target  detec¬ 
tion  nerformance,  against  pattern  painted  and  camouflaged  tanks,  with  and 
JuhouJ  the  eye  movLent  measurement  device.  The  night  portion  will  compare 
the  observer  target  detection  performance,  against  the  same  ^nks,  with  and 
without  the  AN/PVS5  Night  Vision  Device,  and  the  unencumbered  day  performan 
riJl:  Se  WPVSs'pertormnce.  These  results  should  tell  whet  pert  of 
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t-l. 


Helicopter  On  Firing  Pass  From  Pop-l'p  Position  II. 


the  camouflage  ort  the  tanks  needs  to  be  improved  to  prevent  detection,  t.ae 
amount  of  detection  degradation  from  day  conditions  to  oe  expected  when  ^.he 
■V\'/PVS5  devices  are  used,  and  the  gain  in  night  detection  capability  to  oe 
expected  when  riie  .-VWPVSS  devices  are  used. 
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ABSTRACT 

.  ..  in  n-irt  the  results  of  an  experiment  set  up  to 

This  paper  reports  in  P  u„ri;npn  the  fore-neriod  and  wamine  si^ial 
study  the  effects  of  Sc  tLk  JeqSKd  the  subject  to 

on  a  ^“^5=  of'iho^isht  foot  fron  right  to  loft  aftor , 

SriU  tt%-  o'*  a  .srsiSsi'*'Ktr“^- 

;?omirr?oS?tnri  Sdo  rith  rospe=t  to  design  and  operation  of  foot 
controls . 


INTRODUCTION 

In  the  operation  of  machine- foot  controls  the  hman  operator  is  some¬ 
times  required  to  respond  after  a  varying  interval  of  time  which  is  pre¬ 
ceded  by  a  warning  signal  of  variable  length.  Mnn/machine  interface  of 
this  type  is  most  coiraron  in  an  industrial  environment.  In  this  setting  it 
is  coiranon  to  find  an  operator  siionitoring  a  set  of  madune-readincss  ligh.ts, 
manipulating  material  with  his  hands  and  operating  the  machine  functions 
with  one  or  both  of  his  feet.  Successful  operation  of  this  type  of  raenme 
is  dependent  upon  many  variables,  such  as  working  environment,  operator  ex¬ 
perience  and  motivation,  and  machine  design.  In  certain  situations  operat¬ 
or  speed  of  response  is  cnicial  to  successful  and  safe  machine  operation. 
One  factor  that  may  have  an  obsen^ablc  effect  upon  the  operator’s  speed  of 
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response  is  temporal  expectancy.  Temporal  expectancy  is  defined  as  an  in¬ 
creasing  readiness  to  respond  to  events  (signals)  that  occur  over  time. 

T!w  measurement  of  simple  reaction  time  can  be  used  as  an  observation  of  an 
increasing  readiness  to  respond.  In  general,  as  readiness  increases, 
reaction  time  decreases* 

Naatanen  (1970)  in  a  review  of  the  literature  points  out  two  diverg¬ 
ing  tendencies  with  respect  to  the  relationship  between  fore-period  and 
simple  reaction  time;  (1)  when  the  fore-period  is  not  varied,  a  general 
obser\'ation  is  that  the  longer  the  fore  -  periods ,  and  (2)  wiien  fore-periods 
of  different  duration  are  randomly  presented,  the  reaction  time--in  addi¬ 
tion  to  its  being  generally  longer  than  in  tlie  aforementioned  case,  is 
longest  after  the  shortest  fore-period  in  a  scries.  It  has  also  been  ob- 
serv'cd  that  the  longest  fore-period  in  a  series  yields  the  shortest  reac¬ 
tion  time.  Naatanen  in  conclusion  proposed  that  four  factors  exert  an  in¬ 
fluence  on  the  relationship  betiveen  fore-period  and  the  reaction  time  when 
varv'in'T  fore-periods  with  a  given  range  are  delivered  in  a  random  order. 

Two  of  these  factors  act  via  the  variables  called  "expectancy":  (1)  the 
expectancy- reducing  effect  of  the  flow  of  time  after  the  warning  sign.-.! , 
because  longer  periods  are  more  difficult  to  estimate  tl^an  shorter  ones ; 
and  (2)  the  e.xpectancy- increasing  effects  of  the  flow  of  time  after  the 
warning  signal,  because  the  objective  probability  of  the  occurence  of  the 
stimulus  increases. 

Several  earlier  studies  used  the  term  expectancy  to  describe  the  sub¬ 
ject's  change  in  reaction  time  over  a  range  of  time  internals.  Deese 
(1955:  363)  hypothesized  that  "expectancy  should  be  low  immediately  after 
a  signal,  should  increase  as  the  mean  intcrsignal  interval  approaches,  and 
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finally  should  become  quite  high  as  the  intersignal  interval  goes  beyond 
the  mean."  Baker  (1959)  offered  anotlier  hypothesis  suggesting  that  ex¬ 
pectancy  increases  as  intersignal  interval  increases  until  the  mean  inter¬ 
signal  interval  and  then  e.xpectancy  decreases  as  fore-period  increases 
further.  Both  hypotheses  have  been  supported  by  research.  The  major 
difference  between  the  studies  supporting  one  or  the  other  of  the  hypo¬ 
theses  was  in  the  size  of  the  range  of  fore-periods. 

In  experiments  that  supported  the  theory  of  increasing  expectanc.', 
ranges  of  less  than  5  sec.  were  used,  while  in  experiments  that  supported 
a  U-shaped  function  the  ranges  xvere  18  sec.  or  greater.  In  those  experi¬ 
ments  the  varying  fore-periods  were  always  preceded  by  a  ^vaming  signal 
of  fixed  length. 

Since  the  intervals  appropriate  to  the  operation  of  foot-operated 
industrial  machines  (such  as  described  previously)  are  relatively  short, 
and  usually  include  a  warning  signal  (machine  ready  signal)  of  var.-ing 
length,  the  range  of  fore-periods  and  ivaming  signals  used  in  this  e.xper- 

iment  were  sliort. 

Following  from  those  earlier  studies  it  was  expected  that  temporal 
expectancy  and  therefore  speed  of  reaction  time  would  varv'  as  a  function  of 
the  interaction  between  the  duration  of  both  a  fore-period  (F?)  interval 
within  a  range  of  FP  and  a  warning  signal  G^'S)  within  the  range  or  IvS.  To 
test  tliis  hypothesis  a  range  of  eight  common  values  of  WS  and  F?  were 
paired  with  itself  and  with  each  of  the  other  seven  values,  producing  64 
paired  presentations  of  WS  and  FP.  Tlie  eight  common  values  were  250 
msec.,  500  msec.,  1,  2,  3,  4,  5,  and  7  sec. 
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METHOD 


Subjects.  Forty-eight  (30  males,  13  females)  volunteer  college  students 
served  as  subjects.  All  subjects  were  screened  for  the  absence  of  visual 
color  defects ,  corrected  20/20  visual  acuity  and  physical  disability  with 
regard  to  the  right  leg  and  foot  movement.  Twenty-nine  male  and  IS  female 
subjects  were  right  leg  dominant.  Table  1  gives  the  subject  characteristic 
for  3-gG»  weight  nnd  stature. 

Anoaratus .  The  foot  reaction  time  measurement  apparatus  is  shown  in  Figure 
1.  It  consisted  of  a  vertical -horizontal  adjustable  scat  that  provided  for 
control  of  subject  knee  angle,  30»  off  vertical.  The  start  and  experi¬ 
mental  targets  were  each  6  an.  in  diameter  and  placed  15  cm.  apart.  The 
display  consisted  of  a  yellow  warning  signal  C'^S)  and  red  stimulus  light 
which  were  mounted  vertically  Gv'S  below)  oh  a  gray  panel  15  cm.  apart.  The 
gray  panel  was  positioned  266  on.  in  front  of  the  subject  at  seated  eye 
height  from  the  floor.  Each  light  was  6  cm.  in  diameter.  The  recording 
equipment  included  a  sandal  sole  approximating  a  9  1/2  shoe  with  a  brass 
spike  (protruding  2  cm.  do^vnward)  affixed  to  the  center  of  the  sole.  The 
sandal  was  attached  to  the  subjects’  right  foot  with  straps.  Tl-.e  targets 
were  brass  plates.  An  electronic  timing  measuring  device  (Beckman  Univer¬ 
sal  Timer)  was  used  to  measure  response  time  in  1/1000  sec.  Response  time 
was  measured  from  onset  of  the  red  stimulus  light  until  the  experimental 

target  vras  contacted . 

Experimental  Design.  Using  a  table  of  random  numbers,  the  experimenters 
assigned  a  random  sequence  for  the  presentation  of  64  combinations  of  IVS 
and  FP.  The  presentation  order  was  counterbalanced  to  minimize  the  effects 
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TABLE  I 

BIO  DATA  OF  SUBJECTS 


A  -  Starting  Position 

B  -  Experimental  Target  (6  on.  in  diameter) 

FIGURE  1  -  DIME.NSION’S  OF  THE  FOOT  RE.\C^ION-TI^E  ME\SUR)riENT  mm\WS 
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of  subject  learning  and  fatigue.  The  complete  test  session  took  approx¬ 
imately  50  min.  All  subjects  were  tested  bettveen  the  hours  of  10:00  A.M. 
and  4:00  P.M.  Subjects  were  not  provided  with  knowledge  of  results  during 
testing.  Subjects  were  given  5  unscored  practice  trials  (3  sec.  iVS,  3  sec. 
FP)  during  which  they  became  familiar  with  the  foot  reaction  time  measure¬ 
ment  apparatus.  All  subjects  were  debriefed  follo^dng  testing. 

Tnctrrirtinn  Hiven  to  the  Subject.  The  subject  was  instructed  to  sit  com- 
fortaily  but  straight,  his  thighs  horizontal,  with  his  right  foot  over  the 
target.  The  knee  angle  was  measured  30°  ofj.  vertical.  If  necessary,  tlie 
chair  was  adjusted  to  achieve  this  body  posture.  The  subject  was  in¬ 
structed  to  fixate  on  the  black  dot  located  on  the  gray  panel  before 
them.  A  yellox.'  light  would  appear  in  the  circle  to^rard  tne  bottom  of  the 
panel  and  a  red  light  would  appear  in  the  circle  to  the  top.  The  yellow 
light  appeared  first,  went  off  and  then  was  folloived  by  the  red  light. 

IVhen  the  red  light  appeared,  the  subject  i>ias  asked  to  move  as  rapidly  as 
possible  from  the  start  position  (right  plate)  to  the  experimental  target 
on  the  left.  The  speed  of  this  movement  was  the  main  objective,  and 
therefore  the  subject  x^ns  told  not  to  worry  about  the  accuracy  of  tlie 
foot  movement,  although  hitting  the  target  plrte  was  essential  to  achiev¬ 
ing  timed  scores.  After  each  trial  the  subjects  were  free  to  rest  their 
right  leg  in  any  desired  position.  Mien  the  next  trial  was  to  begin  the 
subjects  were  asked  to  reset  their  leg  to  the  start  position  and  again 
fixate  on  the  black  dot.  Subjects  were  not  permitted  to  hold  onto  the 
apparatus  seat  during  testing. 
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TABLE  VIII 


WAR'JING  SIC^i^\L 
OR 

PORE  PERIOD 


250  ra.scc. 
SOO  m.sec* 

1  sec. 

2  ^^cc. 

3  see. 

4  sccc 

5  sec, 

7  see. 


WARNING  SIGMVL  KHPT  CCNSTANr 

AT  S  SEC. 

fore  period  kept  a 

AT  S  SEC. 

KST/Vvr 

N* 

^tEAN 

(ra.seC.) 

STD.  DEV. 
(ra.scc.) 

N* 

MEAN 

(ra.scc.) 

STD.  DEV. 
(m.scc.) 

43 

176. 6J 

44.59 

48 

189.75 

44.68 

48 

193.83 

48.33 

48 

192.63 

51.18 

48 

194.56 

50.46 

48 

200.25 

45.27 

48 

188.79 

45.43 

48 

190.96 

51.74 

48 

204.71 

46.11 

48 

205.04 

49.33 

43 

192.38 

43rll 

48 

192.23 

43.93 

48 

192.46 

49.92 

48 

192.88 

53.13 

47 

196.15 

56.17 

48 

190.92 

50.30 

NIMBER  0»'  SUBJECTS 


TABLE  IX 


REACriON  I'lMES  FOR  WS  OR  FP  KEPT  CONSTANT  AT  7  SECS. 


WARNING  SICN.\I. 
OR 

WVRNING  SIC^VL  KEPT  CONSTANT 

AT  7  SEC. 

FORE  PERIOD  KEPT  CONSTANP 

AT  7  SEC. 

K)ia:  PERIUJ 

N* 

3CAN 

(m.scc.) 

STD.  DEV. 
(ra.scc.) 

MEAN 

(ra.scc.) 

STD.  DEV. 
(m.scc.) 

250  ra.scc. 

48 

182.43 

41.80 

48 

184.77 

51.93 

500  ra.scc. 

47 

190.47 

51.15 

48 

210.96 

49.68 

1  see. 

46 

193.72 

52.02 

44 

191.34 

48.37 

2  sec.  ' 

46 

187.83 

46.27 

48 

190.19 

42.66 

3  sec. 

46 

192.78 

47.31 

48 

192.81 

48.53 

4  see. 

47 

183.59 

51.64 

43 

193.02 

44.72 

5  see. 

45 

191.19 

42.10 

47 

196.38 

56.07 

7  sec. 

47 

186.26 

39.58 

47 

186.26 

44.35 

1  .j 

*  OP  siia.i};crs 


TABLE  X 


regression  values  of  RIL\CriON 


times  for  \^-FP 


kept  constant 


results 

Results  are  presented  first  for  the  eight  co«n  values  of  and  »•. 
these  are  followed  by  the  regression  analysis  for  each  FP  and  hS  kept  c 
grant.  Data  were  eliminated  from  the  analysis  for  trials  which  sub,e.-s 
failed  to  respond  to  stl-lus  or  evidenced  -.isually  long  reaction  t^^ 
The  me^,  standard  deviation  and  the  n-ier  of  st^jects  for  each  WS- 

PP  ro^lnatlon  are  sh«  in  Tahles  11  through  IX.  for  US  — 
ffi-FP.  tire  mean  reaction  time  .v^^s  ranged  from  170.93  m.secs.  to  210.9 
.  secs.  The  variability  of  reaction  time  varied  from  36.62  m.secs.  to 
61.63  m.secs.  11.0  linear  regression  values  for  WS-fP  kept  constant  a^ 
presented  In  Table  X.  ^e  negative  regression  slope  was  found  when  «  was 

1  sec.  and  7  sec.  and  for  FP  values  of  2,  3,  . - 
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HEACTIOH  TIME  (MSEC.) 


T 


-I' 


except  for  the  1  sec.  h-S,  the  WS  regression  intercept  value  was  less  than 
the  corresponding  FP  value. 

SUMMARY 

To  study  the  interactive  effects  of  variable  FP  and  WS  on  temporal  ex¬ 
pectancy  of  foot  simple  reaction  time,  forty-eight  college  students  re¬ 
sponded  to  a  red  visual  stimulus  by  moving  the  right  foot  laterally  left 
to  a  disc  target.  Tl^e  WS  and  FP  were  paired  for  64  combinations  with  the 
following  common  values;  250  m.secs.,  500  m.secs.,  1,  2,  3,  4,  5  and  7 

secs. 

Results  of  the  present  study  suggest  that  when  the  FP  value  is  larger 
than  the  WS  value,  the  reaction  time  (temporal  e.xpectancy)  is  usually  less 
than  when  the  WS-FP  values  are  reversed.  Hus  finding  is  indicated  mainly 
for  the  WS-FP  values  of  250  m.secs.,  500  m.secs.,  1  and  2  secs.,  with  the 
reverse  found  for  the  values  of  5  tiirough  7  secs.  In  addition,  wncn  a  FP 
value  was  kept  constant  at  2  secs,  or  greater,  the  reaction  time  decreased 
as  WS  increased.  The  combination  of  WS-FP  that  produced  the  least  variable 
effect  on  RT  was  shown  to  be  a  WS  kept  constant  at  1  sec.  or  FP  kept  con- 

stant  at  4  secs. 

While  tlie  results  of  this  study  are  not  conclusive  with  regard  to  the 
interactive  effects  of  variable  warning  signals  and  fore-pcriods .  they  do 
indicate  that  the  speed  of  human  operator  response  (foot  reaction  time)  can 
be  enchanced  by  controlling  the  duration  of  WS-FP  intervals.  Further  anal¬ 
ysis  of  this  data  and  additional  studies  are  in  process. 
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A  SIMULATOR  FOR  DRIVING  RESEARCH^ 

By  Rudolph  G.  Mortimer  and  Russell  L.  Adkins 

Department  of  Health  and  Safety  Education 
University  of  Illinois 

SUMMARY 


A  fixed-base  simulator  is 
driving  skills  and  the  effects 
driver-vehicle  performance. 


described  which  is  to  be  used  in  research  on 
of  alcohol,  as  well  as  other  studies  of 


INTRODUCTION 


^Th^objective  of  this  report  is  to  provide  an  overview  of  the  general 
operating  characteristics  of  the  device. 

THE  DRIVING  SIMULATOR 


The  driving  simulator  consists  of  a  number  of  major  components, 

*u.,  following:  an  automobile  in  which  the  driver  is  seated,  a 
;SaZ;  dis'pla;  ieSeration  and  projection  system,  a  vehicle  dynamics 
simulation,  a  control  console  and  a  data  recording  and  acquisition 
capability. 


iThis  research  was  supported  by  the  National  Institute  on  Alcohol  Abuse 
and  Alcoholism,  U.S.  Dopt.  of  HEW. 
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The  Automobile 

A  1969  Simca  automobile,  cut-off  ^bout^O^S 

is  mounted  on  a  sprilg  has  been  attached  to  the  steering 

rack  and  pinion  steering  box  and  a  spring  nas  ste&nnq  wheel 

column  by  a  nylon  cord  which  Steering  feel  thus  achieved 

is  rotated,  thereby  ci^esbi  g  having  power  steering.  A  multi- 

was  modeled  after  an  Americ  .  .  ^  ^^g  g^^j  gf  the  steering  column  to 

turn  rotary  !Lg?acSent  The  conventional  accelerator  and  brake 

measure  steering  wheel  actuates  a  linear 

pedals  are  fed  to  the  analog  computer.  Similarly, 

potentiometer  whose  output  ’  ,  vehicle's  master  cylinder  which  is 

Sepressinc,  tne  brake  ”  the  e  ectric  signal  from  which 

fr^reslif  sSleSSr 

|a^bir:;i?S°rs^  rr^tiy  COPP,^  to  the  speebo»e« 

chrraSrr/the1«t"blS!lf  U  con.entio„a,  with  this  .ehiCe. 


Roadway  Display  Generation  and  Projection  System 


»  ♦  a  Dav+hpon  704  digital  computer  is  used  to  generate  a 

At  Present,  a  JpTgvision  camera  views  the  CRT  display  and 

re;  r;"iSl  rtran'S,en?  Leo  projector  whicn^,^ 
-‘r;Sl'rojert,Srsrrren’rrr"ire\S";^“  M9h  is  positioned  a.5  « 

in  front  of  the  .  horizon  line,  the  dashed  center  line  and  the 

The  display  consists  of  a  horizon  nne,  ^  ^a^grai 

edge  lines  of  a  ^  inputs  and  to  speed  commands  originating 

translation  and  J^f^Lg^controls.  In  addition,  the  display  can 

from  the  accelerator  and  right  hand  lane  (presently  con- 

f?°g:r“arrs°t«rght  tJock)  which  wm  provide  the  sti»los  in  car- 

following  studies. 


Longitudinal  Dynamics  Simulation 


extra  components  were  required  due  inHpnendent  of  the  lateral  steering 

longitudinal  dynamics  were  be  used  in  car-following  experiments 

fStiveirouKrft'e  SSer.fs  ile^for  “thf  iongitpdinai  dynamics  of 

the  car.  t^>o  mra+irsn  fhf  the  car  are  comnosed  of  thrPP 

The  forces  rcoi^wi..^  of  thp  rar  a  factor  proportional 

t^the  squSfof  th^sSeed^'and^a  constant  term.  The’constant  term  is 
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neqative  and  is  used  to  simulate  the  effects  of  an  automatic  transmission. 

T"  will  accelerate  the  car  from  rest  without  any  driver  input.  The  other 
two  factors  are  positive  and  may  be  adjusted  to  match  the  coastdown  curve 
nf  the  car  to  any  other  desired  curve.  By  eliminating  the  speed-squared 
term  a  linear  resistance  force  may  be  obtained  and  the  stability  deriva¬ 
tives  of  various  cars  utilized  (see  references  2  and  3).  Figure  1  shows 
the  coastdown  curve  for  a  typical  configuration.  Note  the  acceleration  of 
the  car  from  rest  due  to  the  negative  resistance  factor. 

The  available  acceleration  force  is  equal  to  the  rolling  radius  o;  tne 
rear  tires  times  the  torque  applied  to  them  from  the  driveshaft  with  the 
enaine  at  full  throttle.  For  a  given  car  this  acceleration  force  is  assumed 
to  be  a  function  of  car  speed  only.  This  functional  relationship  is  simpli¬ 
fied  to  consist  of  two  linear  segments  with  one  breakpoint.  By  eliminating 
the  breakpoint  a  linear  available  acceleration  force  is  obtained  and  the 
published  stability  derivatives  may  again  be  used. 

The  accelerator  pedal  attenuates  the  available  acceleration  force  in 
a  linear  fashion  and  thus  gives  the  driver  control  over  the  speed  of  the 
car.  Figure  2  shows  the  acceleration  of  the  car  for  various  throttle 

positions^river  controls  the  deceleration  of  the  car  by  applying  a  force  to 
the  brake  pedal.  A  pressure  transducer  on  the  brake  line  provides  an  out¬ 
put  to  the  analog  computer  proportional  to  the  force  applied  to  the  brake. 

To  provide  the  effect  of  the  tires  skidding  on  the  road  the  output  of  the 
pressure  transducer  is  diode-limited  at  a  level  which  provides  a  decelera- 
tion  corresponding  to  the  maximum  deceleration  of  a  real  car.  Up  to  the 
cutoff  level  tiie  tar  will  decelerate  at  a  rate  proportional  to  brake  pedal 

force. 


Lateral  Steering  Dynamics  Simulation 

The  lateral  steering  dynamics  are  speed  dependent  and  consist  of  a 
two-degree-of-freedom  model,  the  roll  axis  being  neglected,  ror  a  develop¬ 
ment  of  these  equations  and  a  comparison  to  a  three-degree-of-freedom 
model  see  reference  2.  The  tire  characteristic  curves  are  generated  by 
two  diode  function  generators  (one  for  the  front  tires  and  one  tor  the 
rear  tires  which  have  three  positive  and  three  negative  breakpoints. 

The  function  generators  permit  a  fairly  accurate  representation  The  tire 
characteristics  and  also  provide  a  limit  on  the  lateral  force  provided  by 
the  tires  Figure  3  shows  the  steering  response  of  the  car  at  30  mph  for 
various  step  inputs,  the  input  angle  being  measured  at  the  front  tires. 

Note  that  the  curves  are  all  exponentials.  Figure  4  shows  the  steering 
response  at  an  increased  speed  of  50  mph.  In  this  case  the  response 
curves  are  damped  oscillations,  illustrating  the  speed  dependence  of  the 
lateral  steering  dynamics. 
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YAW  RATE  (d«2^/Mc) 


Fig.  1.  Coastdown  curve  for  a 
typical  vehicle  configuration. 


Fig.  3.  Steering  response  of  the  car 
at  30  mph  for  various  step  inputs  to 
the  front  wheels. 


Fig.  2.  Acceleration  of  the  car  for 
various  throttle  positions. 


Fig.  4.  Steering  response  of  the 
car  at  50  mph  for  various  step 
inputs  to  the  front  wheels. 


r  ■■■■ 


1~" 


Control  Console 

A  control  console  provides  the  experimenter  with  status  splays,  such 

as  the  speed  J'^Y'fSnc'tlSf 'suS  ll  S'lrbeltlnU^ate'and  "terHinate  the 

Jp'jJ^^rillf  TwJ  SSerS!  forcing  functions  will  be  provided  in  the 
test  trials.  Two  types  curvature.  At  all  times  a  low  ampli- 

lateral  control  studies,  added  to  the  subject's  steering  wheel 

tude  pseudo-random  signal  «jl\f/t^^,Veve  ba  kg'round  tracking\ask, 
position  output  signal  to  act  as  a  .o. 

simulating  minor  inpiits  '  ^  driver.  Similar  signals  of  higher 

continuous  y’Silance  o  35  forcing  functions  to  create  a  more  complex 

“"''VddlujMl^ontrolf^e  conditions 

in  ca?-folIo»iJig”t5dles  and  for  providing  both  manual  or  automatic  toncrol 
of  the  lead-vehicle's  speed-time  history. 


Data  Recording  and  Acquisition 

'i-Sr^ilatrsSrna?!  Tn'^',i"t?c°hlnn^r”r?rrh^n  ^aiJider 

wili'bl  SSd'at  all  times  This  reiorder  will  also  be  used  to  .mnitor 
Will  be  ^  f  ^ate  or  EMG  which  will  be  taken  on  dil 

physiological  recording  of  „hich  can  be  used  to  describe 

^Sirr?vehi^rpfr?oln‘«;ru5°h''afrpeld!  lateral  position  heading  ^ 
vaw  rate  etc  in  steering  and  neadway,  relative  velocity,  etc. 
fMin^ina  will  be  recorded  on  magnetic  tape  after  digitization  at  20  Hz  by 
Se  sarc^Jlter  SseS  to  generate  the  roadway  disp  ay.  Time  series  and 
Other  analyses  will  then  be  carried  out  on  these  data. 
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A  ■:TATISTICAL  APPROACH  TO  THE  ANALYSIS  OF 

PILOT  BEHAVIOR  IN  ML’LTILOOP  SYSTEMS 

* 

By  Norihiro  Goto 
NASA  Ames  Research  Center 


SUMMARY 


.  •  fpmtbility  of  a  statistical  approach  to 

This  work  aims  at  examining  t  _  ^^^h  pilot  behavior  in  multiloop 

studying  the  correlation  of  experiments  were  conducted  at  the 

control  situations.  Moving-  placed  upon  the  lateral-directional  control 

Ames  Research  Center  with  emp  ^  the  landing  approach  phase, 

of  an  aircraft  under  gusty  air  variation  with  respect  to  three 

Analyses  have  been  made  of  th  P  developed  identification  method 

experimental  ®  toregressive  scheme.  The  effects  of  one  experi- 

that  utilizes  the  3^3  particularly  discussed  in  this  report  to 

mental  variable,  SAS  ON  ^al  and  feasible  to  obtain  unknown  pilot 

show  that  the  method  IS  with  multiloop  control  systems  and 

nr,  rrssrrrrr!  approach. 


INTRODUCTION 


i-Kar  rhe  oilot  in  control  of  an  aircraft 
It  would  be  superfluous  to  say  jjg  receives  more  than  one  feed- 

is  a  •"'^Itivariable  processor  and  p^  visual  and/or  vestibular 

back  cue  through  visual  ^  3  Phan  one  quantity  to  orfset  the 

organs.  Then  he  exerts  controls  o /er  desired  states  ot  the  air- 

gap,  if  nny,  between  the  curren  feedback  system.  The  evaluation  of 

craft,  thereby  by  the  pilot  in  flight  tests  or  simulator 

the  aircraft  handling  except  for  some  particular  flight  phases, 

tests  is  considered  to  be  Understanding  pilot  behavior  in 

upon  the  results  of  the  P  ^ff3P3  fundamental  to  properly  interpreting 

muUiloop  control  fundamental  to  setting  up  the  pilot 

the  pilot  rating  and  comments,  ^  design  tool  in  making  assessments  of 

model  that  might  be  used  as  an  analytical  desj  reference  1,  however, 

the  handling  qualities  and  analytical  difficulties  ir.her- 

there  have  been  iustrumental,  mea  ppfally  in  finding  unique  pilot  _ 

ent  in  identifying  the  3  ’pms!  This  situation  may  be  reflected  in 

describing  functions  in  “ulti  P  Y  epimental  series  pertinent  to  aircraft 
the  fact  that  less  than  half  a  ^'P  pp  identify  pilot  behavior 

multiloop  control  have  been  Pdeal  difficulties  are  concerned, 

(e.g..  refs.  2-4).  f f^.'^pipa  methods  seems  to  be  encouraging  us  to  go 
recent  development  of  identification  me 
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a  step  ahead  into  the  area  of  determining  human  pilot  dynamics  for  some  multi- 
loop  situations. 

In  this  work,  one  of  the  identification  methods,  which  makes  use  of  the 
so-called  autoregressive  scheme,  is  applied  to  the  analysis  of  the  pilot’s 
lateral-directional  control  of  an  airplane  in  the  landing  approach  phase  under 
gustv  air  conditions.  The  simulator  experiments,  conducted  at  the  NASA  x\mes 
Rese'arch  Center  with  the  use  of  the  FSAA  (Flight  Simulator  for  Advanced  Air¬ 
craft)  moving  simulator,  employed  three  experimental  variables  to  investigate 
the  variation  of  the  pilot  rating  and  behavior  with  respect  to  the  variables. 
This  report  discusses  particularly  the  correlation  of  one  of  the  three 
variables,  Roll/Yaw  SAS  ON  or  OFF,  with  the  pilot  behavior,  emphasizing  the 
influence’of  the  aircraft  dynamics  change.  The  general  objective  is  directed 
toward  examining  the  feasibility  of  the  statistical  identification  approach  to 
understanding  and  interpreting  the  pilot  rating  and  behavior.  Results  may 
help  to  define  pilot  models  in  realistic  multiloop  control  situations. 


SYSTEM  MODEL  .AND  THE  A.\ALYTICx\L  METHOD  (AR-MODEL  METHOD) 


Let  us  assume  the  svstem  model  to  be  a  typical  compensatory  control  sys¬ 
tem  as  shown  in  figure  l'.  Although  we  do  not  have  a  definite  ground  on  which 
the  system  model  like  the  one  shown  in  the  figure  is  set  up  by  the  pilot  for 
aircraft  control,  we  shall  proceed  with  this  model  for  the  understanding  of 
the  analytical  procedure.  For  the  lateral-directional  control  in  the  landing 
approach' phase  on  IFR,  however,  it  will  be  shown  that  the  model  in  figure  1  is 
appropriate . 

In  figure  L,  the  vectors  n(n)  and  0(n)  (n  »  1,  2,  .  .  . ,  N)  may  be  set 
for  the  lateral-directional  control  of  the  aircraft  as 

n(n)  -  [6^(n)6^(n)]’  (D 

and 

G(n)  =  [(j)(n)iKn)B(n)  ]’  (2) 

where 

5a(n)  =  pilot’s  wheel  movements  (rad),  ^ 

5^(n)  =  pilot’s  pedal  movements  (cm  (in.)), 

(j)(n)  =  roll  angle  output  of  the  aircraft  (rad),  ►  (3) 

i|)(n)  =  yaw  angle  output  of  the  aircraft  (rad), 

^(n)  =  sideslip  angle  output  of  the  aircraft  (rid)  ,  ^ 
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and  '  denotes  the  transpose.  The  matrices  [Y^Cz)]  and  [G^,(z)]  represent  the 
pilot  dynamics  and  the  aircraft  dynamics,  respectively.  They  are  defined,  if 
we  employ  the  definitions  of  equation  (3) ,  as 


and 


(4) 


f 

°a 

3 

(z) 

[Yp(z)]  * 

r 

T 

T 

6 

(z) 

iGAz)]  = 


(z)  —  (z) 


f 


(z) 


(z) 


(5) 


where  z  is  the  backward  shift  operator,  i.e.,  z^y(n)  *  y(n  -  k) .  Expand  the 
transfer  function  matrices  [Yp(z)]  and  [Gj.(z)]  into  the  series  in  z  as 


[Yp(z)l  =  E  [yp(ni)]z"’  (6)- 

m=l 

oo 

[G^(z)]  =  ^  [gj.(m)]z"*  (7)- 

m=l 

where  [yp(m)]  and  [g^Cra)]  show  the  impulse  response  matrices.  Then,  using  the 
impulse  response  matrices,  we  may  describe  the  system  of  figure  1  by  the  fol¬ 
lowing  equations: 

00 

n(n)  =  ^  [yp(m)]0(n  -  m)  +  U^(n)  (8) 

m=l 

OO 

0(n)  =  ^  [ gj. (m)  ] II (n  -  m)  +  Ug(n)  (9) 

in=l 


is  here  that  [yp(0)]  =  0  and  [gQ(C)]  “  C.  See  refet-eucc  3 

for  the  discussion  on  the  inclusion  of  [yp(0)]  and  [g^CO)]. 
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h  U  (n)  is  the  2  X  1  noise  vector  injected  by  the  pilot,  [u6^(n)u5^(n)  ] . 

wL  fi^st  studied  by  Akaike  (refs.  5  and  6). 

We  set  assumptions  as  follow: 

1.  Kn),  G(n).  U,(n),  and  Ug(n)  are  all  stationary  and  zero  mean. 

9  The  feedback  system  is  stable,  i.e.,  all  the  roots  o‘  the  determinant 
of  {l'-  (Yp(z)][Gc(z)]>  ™«st  lie  outside  the  unit  circle. 

i.,. /;v 

4  The  noise  vectors  U^Cn)  and  Ug(n)  satisfy  the  following  autoregres¬ 
sive  (AR)  relationships  for  a  properly  selected  L: 


Ur(n)  =  E  Cr(i)Ur(n  -  +  W^Cn) 


(10) 


2,=  1 


Ug(^)  =  Z  Cg(^)Ug<"  - 


(11) 


I- I 


.here  »,(»)  a»<l  ”g<»>  PKoese..,  and  Cr(t)  (2  r  2)  and 

C  (^)  (3  coefficient  matrices. 

operating  the  AR  filters  of  e.uacions  (10)  and  (11)  conceptually  on 
equations  (8)  and  (9),  respectively,  we  get 

n(n)  =  E  -  i)  +  E 

{,=  1 

0(n)  -  ^  Cg(i)0(n  -  O  +  E  Aj.(Oll(n  -  D  +  Wg(n) 

n  —  1  2-—  ^ 


(12) 


(13) 


where 


Ap(Jl)  =  [yp(i)l  -  E  Cr(i^)[yp(«'  - 
P  ^  k=l 

A  ()?.)  =  ~  Z  Cg(k)tgc(^  “ 

k=l 


(14) 


(15) 
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By  putting  together  equations  (12)  and  (13)  we  arrive  at  the  matrix  form 


oo 

X(n)  =  23  A(Jl)X(n  -  i)  +  W(n)  (16) 

4=1 

if  we  set 

X(n)  *=  [n(n)  9(n)r  (17) 

W(n;  =  [W^(n)  Wg(n)r  (18) 

C^a)  !Ap(i) 

A(J.)  =  - * - 

Ac(i;.)|Cg(ic) 


and  Cr(^)  =  Coil)  =  0  for  S,  >  L.  Equation  (16)  is  the  AR  model  of  the  vector 
X(n)  of  infinite  order,  which  cannot  he  fitted  to  the  given  data. 

Instead  of  having  the  AR  model  of  infinite  order,  consider  an  AR  model  of 
finite  order  M, 


M 

X(n)  =  A(!!.)X(n  -  5,)  +  W(n)  (20) 

il=l 


satisfying  the  relationships 

E[W(n)]  =  0  (zero  vector) 


E[W(n)  •  X’(n  -  i)]  =  0  (zero  matrix)  for  i  i  1 


(21) 


EtW(n)  •  W(i)]  =  5^^,  i:„  j 

where  6^  j,  =  1  (n  =  J) ,  =  0  (n  ^^  «.) ,  is  the  covariance  matrix  of  W(n)  , 

and  E  denotes  the  expectation.  In  equation  (20)  it  is  assumed  that 


A(2.)  =  0  (zero  matrix) ,  for  £.  >  M. 


(22) 


Suppose  we  have  completed  the  fitting  of  the  AR  model  in  the  form 
equation  (20).  We  first  partition  the  estimated  AR  coefficient  matrix  Ml) 
as  shown  by  equation  (19).  Then,  the  impulse  response  matrices  [ypd)]  and 
[g  (i)]  are  calculated  from  equations  (14)  and  (15)  up  to  any  desired  I  under 
the  assumption  of  equation  (22).  The  frequency  response  function  matrix  of 
the  pilot  is  obtained  by  replacing  z  by  exp(-ja)AT)  in  the  following 
equation: 

[Yp(z)]  =  [I  -  Cr(z)r^Ap(z)  (23) 
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where 
rad/sec. 


I  is  the  unit  matrix,  AT  the  sampling  interval,  u  the  frequency  in 


M 


Cr(z)  =  E 


and 


M 


U)z’‘ 


The  estimation  of  the  AR  coefficient  matrix  A(8.)  is  made  along  the 
least  squares  method.  From  equation  (20)  we  have 

Rx^(n)  =  E  A(il)Rxx(n  -  ii),  n  =  1,  2,  .  .  .,  M 
{.=  1 


(24a) 


M 


E  A(!!.)Rix(^^ 


2w»  n  =  0 


(24b) 


S.=  l 


where  SLricrny.'^if  may^usf  "the  im- 

4or«ul.s  d,velop.d  by  f,,  „.i„g  th,  relationship  of  aqua- 

covariance  matrix  l„,  wnicn  assumption  3  stating 

non  (24b)  is  l-portanr  in  that  it  ^  „„'be  nsad  to  ch^k  tb.  ptoptl.ty 

the  uncorrelatedness  of  and  Ug,  ana  rnus 

of  the  system  model. 

.  r  *-Vi0  r>nt"iTTial  otder  M  m  eQuation  (20)  is  made  by 

the  use^of^arobjLtLe  judgment  criterion  MFPE  (Multiple  Final  Prediction 
cne  u£>e  j  Q\  Thiq  criterion  is  defined  by 

Error)  proposed  by  Akaike  (ref.  ») .  ims  crii.eij.uu 


MFPE 


i!d 


Ml 


(25) - 


where  k 
points,  M 


number  of  the  components  in  the  vector  X,  N  -  number  of  the  data 
order  of  the  AR  model,  df.,  =  the  estimate  of  the  covariance  matri. 


Ife  M  SS  oraer  OI  iuv/vac:^.,  V.M  . .  .  ^  -  , 

’  u  AT?  nf  Order  M  is  fitted,  and  lldwll  *  determinant  of  d^j. 

S;  LuarlL  HFPE  8lvea  bba  oprl.»l  SnirirthS 

r.:t-rrrrort;  aS  pr  dlorlon  obr.lnad  by 

using  the  least  squares  estimates  of  the  AR  coefficients. 

later  generalized  the  ju^ment  crit^on  to  P-Po-  the  informa¬ 
tion  criterion  called  AIC  (ref.  9).  The  use  of  MFPE  and  AIC  in  tnis  worx 
shown  that  both  give  the  same  order. 
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The  power  spectrel  density  metrix  P^(jto)  of  the  time  series  vector 
X(n)  is  given  by 

Pjj(j  j)  =  AT[A(ju)]*^  (ju)  (26) 

where 


M 

A(ju)  =  5^  A(Z)exp(~jwil) 
i-o 


and  A(0)  *  -I  (I:  unit  matrix),  and  A(ju)  is  the  complex  conjugate  of 
A(j(j) . 


In  order  to  see  the  effectiveness  of  our  results,  given  by  equation  (23) 
for  example,  we  have  to  look  into  the  linear  coherency,  which  can  be  esti¬ 
mated  by  the  use  of  the  spectral  density  matrix  P^Cjcj).  When  is 

diagonal,  meaning  that  the  components  of  the  vector  W(n)  are  mutually  inde¬ 
pendent,  we  reach  a  simple  expression  which  gives  the  indication  of  the  linear 
coherency  characteristics  as 

r^j(jcD)  =  qij(ju)/Pii(ju)  (27) 

In  equation  (27),  Pii(ji^)  is  the  power  spectrum  of  the  i-th  component  of  the 
vector  X(n)  (e.g.,  the  power  spectrum  of  ,5^  if  i  =  1) ,  and 
qj^.(ju;)  =  I  [A(j-)]7j  where  [A(ju)]jj  indicates  the  (i,  j)-th  component 

or  [A(j!J)]"^,  ind  Cjj  is  the  ( j ,  j)-th  component  of  r^j  shows  the 

contribution  in  power  of  the  j-th  noise  source  to  the  power  of  the  i-th  com¬ 
ponent  of  X(n) ,  and 

V 

i;  r.j(j)  =  1  (28) 

This  quantity  is  called  the  relative  power  contribution,  and  it  is  worth 
checking  even  when  the  off-diagonal  elements  of  are  not  zero  but  prac¬ 

tically  small. 


EXPERIMENT 


Simulator  experiments  were  conducted  at  the  NASA  Ames  Research  Center, 
using  the  FSAA  6-degrees-of-freedom  moving-base  simulator.  The  simulated 
flight  phase  was  the  final  landing  approach  under  gusty  air  conditions.  Thus, 
the  pilot’s  task  was  to  track  the  glideslope  and  the  localizer  while  also 
keeping  the  airspeed  and  the  attitude  of  the  aircraft  at  some  desired  values. 
The  flight  configuration  is  visualized  in  figure  2.  The  flight  loading  condi¬ 
tions  of  the  STOL  transport  used  are  shown  in  table  I,  together  with  the 
lateral-directional  stability  dynamics  data  which  were  measured  prior  to  the 
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table  I.-  FLIGHT  LOADING  CONDITIONS  AND  STABILITY  DERIVATIVES  DATA 


Initial  conditions 

Aircraft  dimensions 

Vq  =  80  knots 

W  *  68,040  kg 

(150,000  lb) 

=  366.8  m  (1203.5  ft) 

S  »  154.9  m2  (1667  ft2) 

Yo  “  -6-0’ 

b  »  34.0  m  (111.6  ft) 

=  ~0. 33®  deg 

*  255,776  kg-m-sec^ 

(1,850,000  slug-ft^) 

I2  =  483,900  kg-m-sec^ 

(3,500,000  slug-ft^) 

1^2  *  37,385  kg-m-sec^ 

(270,400  slug-ft^) 

Stability  derivatives  (body  axis)** 

Response  characteristics 

Y^  *  -0.1431  1/sec 

Roll  time  constant 

Lg  »  -0,4894  1/sec^ 

l/Ty  =  0.7778  1/sec 

Ng  =  0.4397  1/sec^ 

Spiral  time  constant 

Yp  =  0.007266  m/sec  (0.02384  ft/sec) 

l/Tg  =  -0.09317  1/sec 

Lp  =  -0.5513  1/sec 

Dutch-roll  mode  damping 

=  -0.08578  1/sec 

tD  *  0.08798 

Y^  =  0.7919  m/sec  (2.598  ft/sec) 

Dutch- roll  mode  undamped 

L^  =  0.6812  1/sec 

natural  frequency 

N^  *  -0.1618  1/sec 

^D  “  0.7938  rad/sec 

Y;^  =  0.0 

L3.,  =  0.4428  1/rad-sec^ 
a 

N63  =  -0.01632  1/rad-sec^ 

Y5r  =  0.1276  m/sec^/cm 

(1.063  ft/sec^/in.) 

L6^  »  0.01486  1/sec^/cm 

(0.03775  l/sec2/in.) 

N5r  =  -0.02341  l/sec^/cm 

(-0.05945  l/sec^/in.) 

^To  obtain  primed  stability  derivatives,  refer  to  reference  10,  p.  257. 
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experiment.  See  reference  11,  for  example,  for  the  details  of  the  FSAA  simu- 
lator  system. 

Three  experimental  variables  were  selected  for  this  work: 


1.  Flight  rules  (VFR  or  IFR) 


2.  SAS  (Roll/Yaw  SAS  ON  or  OFF) 

3.  Gust  intensity  a  =  1.2  or  1.8  m/sec  (4  or  6  ft/sec) 


where  a  is  the  rms  value  of  the  vertical  gust  component.  Experimental  runs 
analyzed  in  this  work  consisted  of  six  runs  with  four  different  configurations 
as  listed  in  table  II.  An  experienced  NASA  pilot  participated  in  this  experi¬ 
ment  and  his  rating  on  each  configuration  by  the  Cooper-Harper  scale  (ref.  1^) 
is  also  given  in  table  II.  It  should  be  mentioned  here  that  seven  preliminary 
runs  preceded  the  six  runs  for  data  taking,  and  the  pilot  rating  and  the 
greater  part  of  the  pilot  comments  were  collected  in  the  preliminary  runs. 

The  ennhasis  of  the  experiment  and  of  the  analysis  was  placed  on  the  lateral- 
SrecSSrcoatrol  o/che  aircraft,  tharatora  Pltch-SAS  ka.t  1„  rba 
ON  position  so  that  the  influence  of  the  longitudinal  control  on  the  lateral- 
dirLtional  control  could  be  made  as  small  as  possible.  Roll/Yaw  SAS  utilizes 


TABLE  II.-  SIMULATOR  EXPERIMENT  FLIGHT  CONFIGURATIONS  AND  PILOT 
RATING  FOR  &\CH  CONFIGURATION _ 


Configuration]' 

Base 

Flight 

rule 

Roll /yaw 
SAS 

Gust  ~j 

condition 

Pilot  1 
rating 

1 

A-1 

Movxng 

VFR 

OFF 

SL. 

Turbulent 
a  ®  1.2  m/sec 

(4.0  ft/sec) 

1 

5.5  ^  6.0  ! 

i 

j 

A- 2 

Moving 

■  VFR 

OFF 

Turbulent 

0  =  1.2  m/sec 
(4.0  ft/sec) 

5.5  6.0  ; 

i 

B--1 

Moving 

IFR 

OFF 

Turbulent 

0  =  1.2  m/sec 
(4.0  ft/sec) 

6.5  I 

! 

Moving 

IFR 

OFF 

Turbulent 

0  =  1.2  m/sec 

(4.0  ft/sec) 

6.5  ! 

C-1 

Moving 

IFR 

OFF 

Turbulent 

0  =  1.8  m/sec 
(6.0  ft/sec) 

7.0  i 

1 

D-1 

Moving 

IFR 

J _ 

ON 

Turbulent 

0-1,2  m/sec 
(4.0  ft/sec> 

2.0  •• 

J _ i 

‘Every  turbulent  condition  includes  20  knots  headwind.  Pitch-SAS  is  ON  for 


every  configuration. 
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roll  anele  and  roll  rate  feedback  to  aileron  and  roll  angle  and  roll  rate  in 
addition  to  washed-out  yaw  rate  feedback  to  rudder.  The  Yaw  SAS  was  also 
slplemented  with  an  aileron-to-rudder  crossfeed,  in  which  the  aileron  irove- 
mpnt  slanal  filtered  bv  a  first-order  lag  was  cross-fed  to  the  rudder,  p.in 
cipally  to  remove  the  effect  of  aileron  yaw.  A  typical  example  of  the  air¬ 
craft  ksponse  to  a  relay-type  wheel  input  is  shown  in  rigure  3  for  both 
SAS-OFF  and  SAS-ON  configurations. 

The  gust  simulated  iv  this  experiment  was  based  on  the  one-dimensional 
snectral  density  functions  of  the  Dryden  form.  References  11  and  13  contain 
the  aetails  of  the  model  and  the  method  to  generate  it.  One  point  to  note  is 
that  the  gust  characteristics  are  a  function  of  the  altitude  as  the  result  o 
emoloving  the  assumption  of  the  two-dimensional  isotropy  near  the  ground.^ 
SettiL  t  =  0  at  the  I.C.  (h  =  366  m  (1200  ft)),  the  time  sector  used  ror 
the  analysis  was  from  t  =  6.0  sec  to  t  =  54.0  sec  as  shown  in  figure  2. 
However,  the  change  in  altitude  may  not  be  so  large  as  to  make  it  necessary  to 
take  into  account  the  nonstationary  characteristics  of  the  gust  (see  ref.  14, 
for  example). 


Six  quantities.  5^.  o^,  S.  Y,  («here  y^  is  the  deviation  angle 

from  the  iocaliaer  beam  and  the  others  are  defined  by  eq.  (3)),  in  addition  to 
some  other  quantities  useful  for  the  analysis,  were  recorded  for  each  run  on 


some  otner  quaiiLiuxc=>  uotia.ua.  - ^ - , 

RUNDUM  tine  (ref.  11)  and  were  processed  by  a  TSS/360  computer  system  at  the 
Ames  Research  Center.  Note  that  5^  and  5^  are  wheel  angle  and  pedal  travel, 
respectively,  instead  of  forces  applied  by  the  pilot  to  wheel  and  pedal  So, 
the  pilot  dynamics  results  shown  later  may  contain  the  wheel  and  pedal  ynam- 
ics.  The  sampling  time  was  0.06  sec. 


Results'  of  the  analysis  by  the  AR-model  method  are  shown  in  figures  4-10 
and  in  table  III.  The  power  spectral  densities  of  the  pilot  control  outputs 
and  the  aircraft  outputs  for  configuration  B-1  (SAS-OFF)  and  configuration  D-1 
(SAS-ON)  ,  respectively,  together  with  their  rms  values  are  shown  in  figures  4 
and  5.  Figure  6  is  an  example  of  the  relative  power  contribution  for  config¬ 
uration  B-1.  Note  that  in  figures  4,  5,  and  6,  the  abscissa  is  in  the  linear 
scale  of  Che  frequency.  Figures  7,  8,  and  9  are  the  pilot  describing  function 
data  (i.e.,  fig.  7  ‘hows  the  wheel-related  describing  functions  for  configura¬ 
tion  B-1;  kg.°8  shows  the  pedal-related  describing  functions  for  configura¬ 
tion  B-1;  and  fig.  9  shows  the  wheel-related  describing  functions  for  config¬ 
uration  D-1).  The  pedal- related  describing  functions  for  configuration  D-1 
are  not  shown  here  since  the  pedal  movement  of  the  pilot  in  this  configura¬ 
tion  is  so  small  (as  indicated  by  the  rms  value  in  fig.  5)  that  it  is  not  con¬ 
sidered  to  be  of  any  significance.  Figure  10  is  an  example  of  the  comparison 
of  a  particular  describing  function,  63/41(1^),  between  configurations  B-1 
and  D-1.  Table  III  gives  the  normalized  dj^’s,  i.e.,  the  element  is  given  by 
d- •/•''dTtdTT,  if  dM  =  fdin].  These  data  provide  a  basis  for  examining  the 
proprie^of  the  system  model.  Also,  the  order  of  the  AR  model  determined  by 
MFPE  is  shown  in  table  III. 
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Figure  4.-  Power  spectra:  configuration  B-1. 
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Figure  9.-  Wheel-related  describing  functions  of  the  pilot:  configuration  D-1 
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Figure  10.-  Comparison  of  a  describing  functions,  between  configura 

lions  B-1  and  D-1. 


TABLE  III.-  NORMALIZED  COVARIANCE  MATRIX  dn  AND  THE  ORDER  OF  THE  AR  MODEL 


O.IOOOOOOD  01  0.1005529D  00  0. 4019349D-02 
0.1005529D  00  O.IOOOOOOD  01  -0.1968628D  00 
0  4019349D-02  -0.1968628D  00  O.IOOOOOOD  01 
0.1793190D-01  0.6887329D-02  -0.9248254D  00 
0.1280636D-01  -0.1113333D  00  0. 3880180D-01 


0.1793190D-01  0.1280636D-01 

0.6887329D-02  -G.1113333D  00 
-0.9248254D  00  0. 3880180D-01 

O.IOOOOOOD  01  0.2108075D-01 

0.2108075D-01  O.IOOOOOOD  01 


Configuration  D-1  (M  =  4) 


U- - 

1  5a 

O.IOOOOOOD  01 

0.5945739D-01 

’  5v. 

0.5945739D-01 

O.IOOOOOOD  01 

r 

0.6133936D-01 

0.1626071D  00 

-0.1641999D  00 

-0.1138606D  00 

i _ 

-0.4559047D-01 

0.1799904D-01 

0.6133936D-01  -0.1641999D  00  -0.4559047D-01 
0.1626071D  00  -0.1138606D  00  0. 1799904D-01 

O.IOOOOOOD  01  -0.6793050D  00  -O. 3196776D-01 
-0.67930500  00  O.IOOOOOOD  01  0.2076136D  00 

-0  3196776D-01  0.2076136D  00  O.IOOOOOOD  01 


Digital  simulation  study  (M  -  6) 


!  Or 


O.IOOOOOOD  01 
0.6229741D-01 
0.1938394D  00 


O.IOOOOOOD  01 
0.1642078D  00‘ 
0.1840873D  00  -0.1&19289D  00 
0.1226025D  00  0. 9192547D-01 


0. 6229741D-01  r0.1938894D  00  -0.1840873D  00  0 


R: 


_.1642078D  00  -0.1619289D  00  0 
O.IOOOOOOD  01  -0.9793968D  00  0 
•0.9793968D  00  O.IOOOOOOD  01  -0 
0.6785351D  00' -0.7119448D  00  0 


i025D  OO]  i 
>547D-0lJ  i 


.1226025 
.9192547 
.6785351D  00 
.7119448D  00 
.lOOOOOOD  01 


DIGITAL  SI>H’LATTON  8TTOY 

Before  going  into  the  discussion  of  the  results  of  the  simul  cor  exper-> 
we  now  briefly  refer  to  the  results  of  the  digital  simulation  that  w..:, 
credibili^v  studv  of  the  AR-model  method.  The  digital  simulation_ 
use  of  the  system  model  of  figure  1  with  the  ’-own  pilot  dynamics  ma  rix 
fY  1  and  Che  aircraft  lateral-directional  dynamics  or  table  I.  .or  the  pi* 

V  in')  two  mutuallv  independent  white  noises  were  used.  T.ae  rms  values 

the  matrix  [Yp(ju)]  was  identified  as  unknown. 

Results  of  this  simulation  study  are  shown  in  figures  11  and  12  The 

tern;  however  the  model  of  ^  Threstimated  [Y„(jw)]  appears  to  be  in 

re^fonaMy  goorfgrLment  with  the  theoretical  one.  at  least  qualitatively,  up 
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to  a  certain  frequencv.  Sepcifically ,  the  roll— angle— related  frequency 
response  functions  and  are  quite  good  due  to  the  large  magnitude 

of  their  static  gains  compared  with  the  others.  The  discrepancy  in 
especially  in  its  phase,  between  the  simulated  dynamics  and  the  estimated 
dynamics  may  be  due  to  its  relatively  small  static  gain  and  the  computational 
difficulty  to  realize  a  pure  differentiator.  Since  many  off-diagonal  elements 
outside  the  brackets  in  the  normalized  dj^  shown  in  table  III  take  on  large 
values  compared  with  1,  it  makes  little  sense  to  check  the  relative  power 
contribution.  It  should  be  noted  that  the  signal-to-noise  ratio  deteriorated 
rapidly  from  the  frequency  of  4.0  rad/sec  because  of  the  use  of  white  noises 
as  the  pilot  remnants.  Also  it  should  be  mentioned  that  the  data  are  influ¬ 
enced  by  the  computational  method  of  the  digital  simulation  and  that  the 
influence  of  the  magnitude  and  the  frequency  characteristics  of  the  pilot 
noises  on  the  estimated  results  should  be  studied  further  in  conjunction  with 
the  external  noise  characteristics. 


DISCUSSION 


U'ith  the  digital  simulation  study  in  mind,  we  now  proceed  to  the  discus¬ 
sion  of  the  results  of  the  simulator  experiment,  using  configurations  B-1 
and  D-1  to  see  the  effects  of  the  Roll/Yaw  SAS  on  pilot  behavior.  It  can  be 
seen  that  the  effects  of  SAS-ON  are  very  conspicuous.  For  configuration  D-1, 
pedal  movements  are  zero  in  actuality,  wheel  movements  are  small,  and  the 
variation  of  the  aircraft  outputs  is  also  small.  As  seen  in  table  III,  most 
off-diagonal  elements  in  the  normalized  are  small  compared  with  1  for 

both  configurations,  and  the  correlation  between  and  Wg  of  equation  (18) 

is  small,  ttiereDv  assuring  the  propriety  of  the  system  node!  of  ligure  1.  In 
addition,  it  is  worthwhile  to  examine  the  relative  power  contribution  in  these 
configurations  for  the  purpose  of  looking  into  the  linear  coherency  character¬ 
istics  and  the  effectiveness  of  the  pilot's  control  in  the  frequency  domain. 
Figure  6  shows  the  wheel-  and  pedal-related  relative  power  contributions  only 
for  couf iguration  B-l,  but  these  values  are  sufficient  to  find  that  the 
pilot 's'wheel  and  pedal  movements  are  responding  to  the  variation  mainly  in 
roll  and  vaw  angle  in  the  low-frequency  region  up  to  about  twice  the  Dutch- 
roll  frequency,  beyond  which  the  pilot  appears  to  be  just  a  noise  generator. 
Accordingly,  the  pilot  describing  functions  are  considered  to  be  reliable  only 
in  the  low- frequency  region. 


Looking  at  figure  9  which  shows  the  wheel-related  pilot  describing  func¬ 
tions  for  configuration  D-1,  and  comparing  with  figure  7,  it  can  be  noticed 
that  the  SAS-ON  does  not  require  much  compensation  effort  from  the  pilot; ^ 
static  gains  are  much  lower  for  configuration  D-1  than  for  B-l,  and  the  first- 
order  lead  control  is  noticeable  only  for  the  wheel-to-roll-angle  describing 
function.  On  the  other  hand,  for  configuration  B-l,  the  pilot  seems  to  be 
employing  the  second-order  lead  control  for  and  This  may 

be  suggesting  that  the  pilot  is  utilizing  motion  cues  for  this  particular  run 
or  that  he  is  employing  a  special  control  technique  to  cancel  out  the  air¬ 
craft's  oscillatory  Dutch-roll  motion  (ref.  17). 
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A  comparison  of  the  wheel-to- roll-angle  describing  function  is  made  in 
figure  10  Ltween  configurations  B-1  and  D-1.  Solid  and  dotted  curves  in  the 
figure  show  an  attempt  at  the  function  fitting,  although  there  is  a  great 
unLrtaintv  in  the  high-frequency  region  because  of  the  bad  linear  coherency. 
Physically’  realizable  pilot  models  may  have  to  include  the  first-  or  second- 
order  lag  terms. 


Putting  together  all  the  results  and  the  consideration  described  thus 
far  details  of  pilot  behavior  that  may  contribute  to  determining  the  pilot 
rating  can  be  understood  fairly  well.  More  systematic  measurements  are  neces 
sarv  in  order  to  develop  the  multiloop  pilot  model  that  can  be  used  as  an 
analytical  design  tool  in  making  assessments  of  the  aircraft  handling 

qualities. 


CONCLUDING  REMARKS 


The  AR-model  method  has  been  applied  for  the  first  time  to  the  identifi- 
cation  of  pilot  behavior  in  multiloop  tasks.  Results  show  that  this  is  a 
practical  and  promising  technique  for  obtaining  a  general  idea  of  the  unknown 
pilot  dvnanics  in  multiloop  systems.  However,  more  work  is  needed  to  identify 
pilot  describing  functions  that  are  reliable  over  a  wide  frequency  range. 

In  the  experiment  described  here,  three  experimental  variables  were  used, 
and  their  effects,  particularly  the  effects  of  the  Roll/Yaw  SAS,  have  been 
made  clear  to  some  extent.  Pilot  behavior  and  its  correlation  with  the 
handling  oualltv  variable  may  be  further  defined  by  this  line  or  approach. 
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RIDE  QUALITY  SEIISITIVITY  TO 


SP^  CONTROL  LAW  PJiD  TO  HANDLING  QUALITY  VARIATIONS 


Philip  A.  Roberts,  David  K.  Schmidt,  and  Robert  L.  Svain 
School  of  Aeronautics  and  Astronautics,  Purdue  University 


SITH^IARY 


State  variable  techniques  are  used  to  generate  the  vertical  and-  lateral 
fuselage  loadfactor  distributions  for  the  3-52H  and  B-1  bombers.  A  compari¬ 
son  ot  loadfactors  resulting  from  craise  turbulence  excitation,  reveals  that 
ride  quality  is  not  significantly  improved  by  increasing  the  control  law 
complexity.  Control  law  complexity  is  meant  to  imply  rate  feedback  in  com- 
tarison  to  x'ull  state  feedback.  Handling  quality  parameterizations  show 
tronounced  effects  ou  the  loadf actors.  Finally  variations  under  relaxed 
static  stability  implementation  show  that  the  ride  quality  is  degraded  by 
restoration  of  handling  characteristics  to  original  short  period  values. 


INTRODUCTION 


Control  Ccnfi 
one  design  ani  man 
craft  like  the  F-1 
ride  control,  Rela 
vehicles  will  cert 
direct  lift,  flutt 
Th  e  s  e  f ut  ur  e  ve  h  i  c 


gured  Vehicle  (CCV)  technology  is  just  beginning  to  affect 
...fac curs  of  at:;rospace  vehicles.  Current  technology  air- 
,6  fighter  and  3-1  bomber  are  utilizing  concepts  such  as 
seed  Static  Stability  (RSS),  and  fatig’ie  reduction.  Future 
ainly  incorporate  active  controls,  maneuver  load  control, 
,er  mode  control,  and  gust  load  alleviation  concepts. 

;les  will  be  optimised  under  many  manifolds  to  include  Hide 


Quality  (RQ)  • 


The  objective  of  this  paper  is  to  discuss  the  RQ  trends  which  large 
I'lexible  aircraft  e:chibit  ^onder  various  parameterizations  of  control  laws 
and  handling  qualities.  The  information  was  generated  as  a  data  base  for 
research  supported  by  NASA  Dryden  Flight  Research  Center  under  grant  IISG 
U003.  The  ultimaze  aim  of  the  project  is  delineation  of  handling  qualities 
specifications  for  highly  flexible  CCV  vehicles.  This  paper  contains  a 
summary  of  the  assumptions  and  solution  technique,  a  control  law  parameter¬ 
ization  review,  a  discussion  of  ride  sensitivity  to  handling  qualities,  and 
finally  the  RQ  effects  generated  by  implementing  relaxed  static  stability 
configurations . 


SIOIBOLS 


Transpose  of  the  A  matrix 


Mssji  iisrodynsmic  cnoi*ti  Isng'th 
Center  of  gravity 
Expected  value 
Handling  Qualities 

Distance  from  eg  along  fuselage  centerline,  positive  forward 

Distance  between  tne  tail  and  wing-body  aerodynamic  centers 

Loadfactor  at  a  particular  body  station; 
z  denotes  vertical 
y  denotes  lateral 

Root  mean  square 

Ride  Qualities 

Relaxed  static  s  ^ability 

Wing  planform  area 

Tail  planfcrri  area 

Averaged  Steady  State  Flight  Velocity 

control's)  vector;  elevator,  aileron,  and/cr  r-oddsr 

Tail  volume  coefficient 

state  vector;  usually  associated  with  physical  outputs  in  this 
paper 

Perturbation  angle  of  attack 
Perturbation  side  slip  angle 
Damping  value 
Scalar  unit  white  noise 
Perturbation  pitch  angle 

ith  elastic  mode  generalized  displacement 

ith  orthogonal  elastic  mode  shape  value  at  body  station 

Perturbation  roll  angle 


X 


I 


y 


Perturbation  yaw  angle 
i^'u.onoy 


PROBLEM  FORI-rJLATION 


Equations  of  Motion  for  Flexible  Vehicles 

Time  domain  representations  for  the  flexible  vehicles  were  decoupled 
into  longitudinal  and  lateral  state  variable  formats.  The  Gaussian  white 
noise  recresentation  of  turbulence  was  modeled  as  a  state  vector  system  as 
suggested  in  reference  1.  The  gust  state  vector  was  appended  to  the  vehicle 
*•.  state  equations  resulting  in  the  familiar  control  form  (l). 

x(t)  =  Ax(t)  +  3u(t)  +  Gn(t)  (l) 

(n+?)  X  1 
m  X  1 

number  of  physical  vehicle  states 
numioer  of  controls 
n'omber  of  gust  states 
'n+p)  X  1 
;n+p)  X  (n+p) 

(n+p)  X  m 


^'nere : 


Loadfactor  Expression 

The  major  contributions  to  vertical  and  lateral  loadf actors  at  cruise 
conditions  jan  be  represented  by  equations  (2a)  and  (2b). 


•• 

i;  (i.  ,z)  = 

..  K  .. 

=  |[g^  -  Uo(2+’;)  - 


(2a) 


(2b) 


where:  K  is  the  number  of  elastic  modes  included  in  the  model. 

Throughout  this  paper  the  standard  right  hand  stability  axis  system  is 
utilized  with  the  x  axis  positive  forward  from  the  eg  as  shown  in  figure  1. 

The  sign  conventions  for  the  vertical  and  side  bending  elements  are 
shown  in  figures  2  and  3. 

The  loadfactor  expressions  can  be  refonnulated  as  functions  of  the 
physical  state  variables  by  simple  substitution. 
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igure  2:  Fuselage  Vertical  Bending  Sign  Convention 


Figure  3:  Fuselage  Side  Bending  Sign  Convention 


(3a) 


■  fy  "y<‘> 


(3b) 


"^he  ^x(n+D)  row  vectors,  P,  ,  are  deterministic  for  a  given  vehicle 
equation  of  motion  set,  specif il ’Control,  and  specified  gain  value.  Equa¬ 
tions  (3)  can  be  manipulated  into  a  mean  square  value  expression  for  the 
loadfactor. 


E{xx'}^,y 


p’ 

2,y 


(U) 


Ass-oming  a  stationary,  tero  mean  process  for  the  state  differential  system 
"fl'^sads  to  an  algebraic  matrix  Riccati  equation.  This  equation-can  be^  ^ 
3^1 ’-^d  for  the  symmetric  covariance  matrix,  E{xx^}.  Utilizing  one  algoricnm 
su-’-ested  by  lelb  in  reference  2,  convergence  can  be  obtained  within  35 
seconds  on  a  UUC  6500  for  a  l6xl6  Riccati  system.  A  simple  matrix  multipli¬ 
cation  routine  completes  the  solution  utilizing  equation  (^). 


Study  Vehicle  Descriptions  and  Flight  Conditions 


The  3-52H  and  3-1  were  chosen  for  this  study  because  they  exemplify^the 
tre-i* toward  more  elastic  structures  for  future  large  vehicles.  The  B-52, 
Ind"com.mercial  derivatives  thereof,  was  a  member  of  the  first  ge.neraticn  of 
-ehic-es.  Si.nce  that  era,  improved  structural  design  techniques  ana 
composite  materials  have  made  possible  vehicles  like  the  highly  elastic  B-1. 


tions  which  are  mission,  essential 
alti tales  must  be  included  in  f'ct 


hosen  because  they  z^epresent  ci'uise  condi- 
and  because  turbulence  encounters  at  low 
ure  design  considerations. 


as  a 
come 
for 


he  5-52H  is  used  by  the  U 
meters  long  and  has  a  win 
.igh  altitude  bomber,  it  m 
.ed  high/low  ailtitnde  prof 


S  Air  Force  as  a  long  range  bomber.  It  is 
g  span  of  56. U  meters^.  Originally  iesigned 
ust  now  cope  with  penetration  problems  by 
lies.  Table  1  describes  the  flight  condition 


.e  3-52K. 


Mass  =  158,75'"  kilograms  (350,000  lbs.) 
r4ach  =  .55 

Velocity  =  185-56  meters/sec  (608.8  fps) 
eg  at  25^  mean  aerodynamic  chord 
Altitude  =  609.6  meters  (2000  ft) 


TABLE  1:  B-52H  Flight  Condition 


'^he  3—1  is  currently  being  test  flown  in  a  major  pre-production  effor- 
by  Rockwell  International  and  the  USAF.  It  is  designed  as  the  replacement 
vehicle  for  the  aging  3-52  fleet.  The  advanced  structures  and  integrated 
technology  make  this  vehicle  an  outstan.ding  ev«mple  for  loadfactor 
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1 


i  1 


contributions  due  to  elasticity, 
nieters.  The  reference  wing  span 
is  -l.S  meters. 


The  overall  length  of  the  B-1  is  U6 
utilized  at  the  flight  condition  in  Table  2 


Mass  =  103,215  kilograms  (227,770  lbs) 

Velocity  =  289. U  meters /sec  (9^9. ^5  fps) 
oz  is  at  I’uselage  station  ^40. 67  (meters) 
Altitude  *  30. 1+8  meters  (IQO  feet) 


TABLE  2:  3-1  Flight  Condition 


CCMTROL  LAW  VA31ATI0HS 


an-h  veV’icies  were  modeled  as  stable,  unaugmented  systems  in  the 

«l.r.  -.he  excp-.ioh  ht  hhe  3-52H  .hich  reqairec  a 

LairSu  eubeldehee  =cd.  s-.aeillza-.loh 

--aq  t>heore+"'''’'''y  modified  utilizing  pitch  ra^e,  ja-  laoc,  pxuo..  ^a-e/ 
mc..e_  -_s_t..eore ^  acceleration,  and  full  state  feed- 

T;:- '"co-tro^  lawst  “"o  slgnifi'cant  differences  in  RQ  were  generated  by  these 
;iiaSons  for  Identical  (or  nearly  equivalent)  handling  quality  values. 

It  should  be  mentioned  here  that  the  5-1  Strucfural  Mode  Control  System 
^  nnt  — ..inded  or  utilized  because  this  study  is  involveu  wi^n 

dali;  para=.-.eriz.tior.d  and  not  the  spaotfio  5q 

So  3-1.  For  both  •^F=^hSSS-;v.3°"S/''rSnZa“S'tn,. 

^-^ri'aceo  ve_;iva::cr’,  ruj.^w*r,  -i--  - 

est'’bl-’''^h  a  basis  for  comparison,  the  -onaugmented  vehicle  load- 
racto^s  ciuted  for  .30.3  meter/sec  (l  fps)  rm.s  (root  mean  square) 

gust  velocities. 

U  deo’cts  the  loadfactor  c'lrves  for  the  -onaugmented  3-52H.  The 
.e^--y  UnLr  Sdf fetors  labeled  "rigid  body  only"  include  all  terms  -cept 
^r;4ia;ions  m  eo-oations  (2a)  and  (2b).  Hence  any  f  •' 

Si  eSlI  ayn^tioi  fron  th.  3i=c.ti  sointion  are  tt.cluded  an 

-econd  li^e  vhii^h  has  a  r.cre  pronounced  curva^^ore  includes  al-.  ..*c 

::::-te^e  utilized  in  the  model.  For  the  3-52H  at  this  flight  conai  ion, 
^"rma^inum  elastic  contribution  to  vertical  loadfactors  is  about^_15.  oi  .he 
-c’ti  (The  lateral  fuselage  modes  used  in  this  aata  were _ primar*-./  a., 
boiriodes.  Hence  the  rise  in  elastic  effects  near  the  tail.) 

n-'^ure  5  shows  an  impressive  increase  in  the  elastic  contribution  to 
ve-i'c^^Ldfactors  on  the  unaugmented  3-1.  The  discerning  reader  will 
I^^diSely  note  the  changes  in  vertical  scale  in _ figures  U  and  5-  The 
di*'ferent  flight  conditions  and  elastic  contributions  to  ride  on  th 
separate  vehicles  dictated  these  scale  changes. 
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VERTICAL 


Figure  U:  B- 5 2H  Unaugmented  Loadf actors 


RQ  SEI^SITIVITY  TO  HAIIDLIIJG  CHARACTERISTICS 


Under  each  control  law  studied,  the  gains  were  changed  so  that  a  range 
of  handling  characteristics  and  their  resulting  loadfactors  could  he  cata¬ 
loged.  The  values  used  for  the  handling  characteristics  were  restricted  to 
the  acceptable  ranges  given  in  fflL  SPEC  8T85B.  Hence  the  following 
boundaries : 
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RUS  NORMSL  fiCCELERRTlONS  iG/.sri/sic) 


Figure  5:  3-1  Unaugnented  Loadfactcrs 


Longi'cudinal  Short  Period 


Lateral  Dutch  Roll 


/  .3  <  <  2.0 

1  2.0  <  u  ^  <  10.0 

^  n 

f  .08  <  Cr, 

I  .10  <  w 

-  n 


It  is  inoortant  to  reiterate  at  this  Juncture  that  the  stu^  goal  ^^as  RQ 
sensiti'/ity  to  feasible  controls,  not  the  design  of  an  optinal  control  for 

either  vehicle. 


Pitch  Rate  Feedback  (B-52H) 

v.-u-e  '6  shows  the  percehtage  change  in  loadfactor  for  various  ha.ndling 
cla^acte-- sties.  The  baseline  in  all  these  cases  is  tne  unaugniented  venicle 
loadfactors  from  figures  1  or  5,  whichever  is  appropriate,  ^s  snown,  .he 
iLrease  of  damping  and  frequency  for  higher  stabilising  leeaoac.f  gams 

produced  better  RQ. 


£  30.00 


52H.  '^fiCh  .55.  WOnETEHS 

PITCH  rate: 


600.  900.^,^  1200. 

BODY  SmTION 


(METERS) 
1800.  (INCHES! 


FigTiTs  Pi'tch  Rats  SAS  Ch.3i*gss 


Yaw  Rate  Feedback  (B-l) 

Pi -ire  T  shows  the  loadfactor  curves  for  the  B-1  lateral  dj'n^ics. 
Notice  the  effect  is  similar;  increased  damping  produces  better  -.Q. 
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Figure  7:  B-1  Yav  Rate  SAS  Loadfactors 


Blended  Pitch  Rate  and  Acceleration  (C*)  (5-1) 

re  3  shows  the  percentage  changes  in  loadf*actcr  under  the  C* 
olicy  with  variations  in  handling  characteristics.  Again  the  sane 
rends  appear. 


jG.Ju 


S-1  .  MACH  .8F  ,  30  nEfEflS 
BLENDED  PITCH  RATE 


Figure  8:  B-1  C*  SAS 


Full  State  Feedl^ack  (3-52H) 
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trend  expected  by  control  experts  would  show  that  higher  frequency 
r  danroing  beget  better  RQ*  This  expectation  was  validated  using 
,^e  feedback  pole  placing  capacility.  Figure  9  shows  the  results  as 
'^e  changes  in  loadf actor  compared  to  the  unaugnented  vehicle.  The 
fuselage  percentage  changes  were  distorted  by  relatively  low  baseline 
or  values.  Hence  the  higher  damping /frequency  loadfactor  cur/es 
.t  better  rides  overall.  The  asterisk  cases  in  figure  9  deserve ^ 
mention.  In  these  two  cases  the  elastic  node  damping  was  art if i- 
.ncreased  hrcugh  the  elevator  feedback  control  policy.  Hote  that 
es  generated  appreciably  worse  HQ.  This  occurred  because  of  the 
d  elevator  excitation  of  the  rigid  body  parameters  in  equations  (2). 
ns^'Of  'the  ‘elastic  contributions  to  the  •  loadf aot or s  shewed^the  three 
modes  chosen  for  increased  damping  actually  did  contribute  less  to 
5  loadfactor. 


Figure  9*  B— 52  Full  State  SAS 


This  result  prompted  a  theoretical  attempt  to  parametrically  plot  load- 
factor  versus  frequency  and  damping.  Using  a  transfer  function  approach  and 
the^Drvieri  power  spectral  density  for  vertical  gusts,  the  loadfactor  mean 
square*^  value  was  computed  as  an  integral  over  ^  the  ^frequency  domain.  The 
results  support  the  numerical  analysis  shown  in  figure  9* 

As  frequency  increases,  the  RQ  gets  better.  Likewise  damping  /alue 
excursions  from  the  coupled  elastic  mode  eigenvalue  at  constant  frequency 
will  adversely  affect  the  loadf  actors.  A  numerical  example  was  run  for  the 
B-52H  and  is  shown  in  figure  10  for  two  increased  short  period  frequency 
^'ases-  The  elastic  mode  inoinHAd  in  these  cases. 
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RELAXED  STATIC  STABILITY  (RSS) 


Tvo  methods  were  used  to  simulate  this  effect  on  the  study  vehicles. 
*he  tail  volume  coefficient,  V,  was  reduced. 


First  the  t 


'T’his  has  the  effect  of  shifting  the  vehicle  aerodynamic  center  toward  the 
center  c*’  --av-ty.  Static  stacility  is  thereby  reduced.  The  second  method 
involves' a.u  artificial  eg  s,hift  toward  the  .tail.  T^is  is  the.  more  practical 
o*f  the  two"  m-ethods ;  as*  it  has  already  bee.n  incorporated  as  a  fuel  transfer 
Qj*  management  aetj-vuty  on  a  te^ ..  vehicle  .  ..  ..2) . 

Figure  11  snows  the  effect  of  RSS  on  vertical  ride  for  the  rigid  body 
5-52K  vehicle.  Essentially  pitching  moment  effects  are  reduced  -until  a-t 
'-'eutral  stab''lity  the  loadfactors  are  constant  ana  due  only  to  t.te  ver--cal 
acceie-ations.  This  would  logically  follow  from  the  definition  of  the  neu- 
tral~-oint.  7ne  cuestion  now  arises,  what  rides  are  induced  by  restoring 
t^e  or"--''nal  ha.ndlinur  characteristics  of  the  -onaugmented  vehicle  with  an 
system?  Fig-ure  12  shows  these  results  in  terms  of  percent 


loadf actor  change. 


In  --eneral  the  restoration  resulted  in  degraded  RQ. 


52H.  MHCH  .55.  41°  M£TEPS 
ass  .  RESTORED  HQ 


-  ’OS.O-l 


T  ^  ( meters  1 

1  s  :o  .15  ^ 

-30.o4- - ioT  UmI  UNCHESl 

0.  JOO.  600  STrtTICN 


ri^iire  12:  B-52H  RSS,  Restored  Handling  Qualities 
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CONCLUSIONS 


!•  Ride  quality  is  particularly  sensitive  to  the  handling  characteristics 
specifications . 

2.  Except  in  optimising  a  particular  vehicle's  control  capabilities,  ride 
quadity  is  not  dependent  on  the  type  of  control  law  chosen. 

3.  Relaxed  Static  Stability  has  a  favorable  effect  on  B-1  ride  quality  in 
that  less  pitch  acceleration  and/or  velocity  contribute  to  the  loadfactor. 

U.  Relaxed  Static  Stability  with  restored  hailing  qualities  generates  - 
higheV  icadf ac*tors  on  the  H  and  B  -1  the  *flight  conditiuiis  atudied. 
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A  UNIFIED  THEORY 
FOR 

PILOT  OPINION  RATING 

By  Ralph  H.  Sniith 
Vantage  Engineering 
French town,  NJ 


SIDtMARY 


This  paper  presents  theory  for  understanding  and  predicting  pilot  opin¬ 
ion  rating  (POR)  in  closed  loop,  precision  control  tasks.  The  general  in- 
plenentation  of  the  theory  requires  a  unified  model  for  pilot  dynamics  that 
is  hypothesized  to  be  multiple  loop  in  form  with  essential  uonlinearities. 

A  search  for  such  a  model  was  unsuccessful.  However,  the  apparent  self- 
adaptive  nature  of  the  postulated  model  with  respect  to  controlled  element 
dynamics  and  system  input  suggests  that,  for  single  dxis  tracking  tasks,  a 
simple  POR  metric  can  be  estimated  using  state-of-the-art  pilot  models.  The 
POR  theory  was  successfully  demonstrated  using  available  single  axis  tracking 
data.  The  proposed  metric  was  shown  to  be  a  consistent,  sensitive  meaiure 
of  POR  for  these  data.  Certain  of  these  data  were  used  to  calibrate  the 
variation  of  POR  with  the  POR  metric.  This  calibration,  together  with  a 
suitable  model  for  pilot-vehicle  dynamics,  can  be  used  for  the  prediction  of 

-  — *- — models  for  pilot  iy- 


namics  are  generally  unsuit*  i  for  the  precision  estimation  of  the  postulated 
POR  metric  in  multiple  loop  or  multiple  axis  tracking  tasks,  otherwise  the 
POR  theory  has  no  obvious  limitations  of  the  sort  that  bound  the  validity  of 
available^ pilot  models,  A  generalized  Paper  Pilot  method  is  proposed  in  a 
form  consistent  with  this  theory. 


liowever 


that  stata-of-the' 


SYMBOLS 
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K 


c 


K 

P 


K 

q 


Cost  functional  for  the  optimal  pilot  model. 

Controlled  element  gain 

Describing  function  approximations  for  display  gains  in 
3  and  q  loops 

Equivalent  Kalman  filter  gains  in  7  and  q  loops 

Pilot  gain  in  the  Servo  model  representation 

CoriL toiler  gains  in  Lhe  optimal  -pilot  model  for  the  6  and 
q  loops 
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FOR 
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Yp  (j.) 
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e 
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Pilot  Opinion  Rating  (Cooper-Harper) 

Pitch  attitude  rate,  deg/sec 
Pitch  attitude  rate  connnand,  deg/sec 

Pitch  attitude  rate  perceived  by  the  human  pilot,  deg/sec 
Cost  functional  weighting  on 
Cost  functional  weighting  on 

pq 

Laplace  transform v^ari able'.-,  s  =  a+jo)  ^  .  -v.  . 

Pilot  lead  time  constant  in  the  servo  model  representation, 
secs 

Time,  secs 

Forward  speed,  m/sec 

Cost  functional  weightings  on  and 

Controlled  element  transfer  function 

Pilot  describing  function  (servo  modal) 

General  nervous  system  signal  from  central  processor 
functions  to  the  neuromuscular  system 

Elevator  deflection,  deg 

d6e/d^ 

Pitch  attitude,  deg 

Pitch  attitude  tracking  error,  deg 


Pitch  attitude  perceived  by  the  human  pilot,  deg 
Standard  deviation  of  q,  degs/sec 
Standard  deviation  of  qp,  degs/sec 
Standard  deviation  of  Sq,  degs 


Standard  deviation  of  9 


p’ 


degs 
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INTRODUCTION 


The  present  state-of-the-art  of  handling  qualities  is  fundamentally 
empirical.  Available  theories  for  handling  qualities  are  all  based  upon  a 
network  of  empirical  data,  experiences  with  classical  airframe  dynamics, 
servomechanisms  analogies,  and  conjectural  hypotheses  which  attempt  to  estab¬ 
lish  a  connection  between  handling  qualities  and  available  models  for  human 
pilot  dynamics.  All  these  have  some  demonstrated  value  for  the  codification 
of  experimental  data  or  for  the  design  of  experiments;  none  has  provided 
significant  insight  into  the  physics  of  handling  qualities  or  has  a  demon¬ 
strated,  general  capability  for  a  priori  prediction  of  handling  qualities. 

We  have  no  better  physical  understanding  now  of  the  dynamics  of  human  sub¬ 
jective  response  than  we  had  prior  to  development  of  the  servomechanisms 
TOdel-for  human  pilot  dyaamics.  ^  -  * 

The  elusive,  intangible  nature  of  handling  qualities  has  presented  a 
formidible  obstacle  to  the  development  of  a  physical  theory  for  the  subject. 
We  haven’t  even  successfully  defined  what  we  mean  by  ’’handling  qualities”. 
Attempts  to  do  so  are  inevitably  either  personalized  and  vehicle-centered  or 
general,  vague  and  practically  useless.  The  entire  concept  of  ’’quality”  is 
involved.  Reference  1  is  recommended  for  a  discourse  on  quality  and  what  it 
can  mean  to  our  technology. 

The  lack  of  a  suitable  definition  for  handling  qualities  does  not  pre¬ 
vent  us  from  recognizing  degrees  of  handling  qualities  in  practice.  We 
attempt  to  systematically  code  these  in  terms  of  airframe  and  control  system 
parameters  as  a  means  for  evaluating  system  design.  It  is  here  that  the 
lack  of  a  physical  and  philosophical  understanding  of  handling  qualities  has 
its  real  impact  on  research.  We  arbitrarily  invent  handling  quality  metrics 
and  proceed  to  devote  valuable  resources  to  their  study.  This  is  all  too 
often  done  without  concern  for  whether  our  inventions  are  capable  of  bring¬ 
ing  unity  of  understanding  to  a  chaotic  subject.  This  tangential  approach 
has  produced  no  real  payoff  to  research  or  systems  design. 

The  sad  fact  is  that  handling  qualities  is  not  entirely  credible  as  a 
mature  design  technology;  it  remains  a  handbook  art.  This  field  differs 
from  other  technology  areas  involved  in  aircraft  design  in  one  fundamental 
respect:  it  is  without  foundation  on  physical  principles  such  as  exist  for 
other  fields.  ^Handling  quali*ties  has  no  counterpart  to  the  equations  of 
Navier-Stokes,  Maxwell,  or  Euler-Lagrange.  Accordingly,  we  are  unable  to 
quantify  the  benefits  of  handling  qualities  to  systems  design  except  on  the 
most  primitive  level. 

The  handling  qualities  discipline  originated  with  the  pilot’s  subjective 
opinion  of  ease  of  aircraft  control.  Opinion  scales  were  invented  to  quan¬ 
tify  the  pilot’s  subjective  response.  Pilot  opinion  rating  (FOR)  is  a  wide¬ 
ly  used  and  poorly  understood  metric  for  handling  qualities.  It  has  almost 
become  a  de  facto  substitute  for  handling  qualities  through  familiarity. 
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POR  data  often  appear  to  be  highly  variable  and  to  exhibit  unpredict¬ 
able.  systematic  biases  among  the  pilot  population  and  random  variations 
for  a  given  pilot.  A  major  tenet  of  the  present  work  is  that  anomalies  in 
POR  data  may  be  illusory.  Without  a  physical  theory  for  handling  qualities 
(and  therefore,  for  POR)  one  should  not  assume  that  all  the  factors  para- 
metekzinc  POR  are  known  for  a  given  experimental  configuration.  Given  the 
typical  handling  quality  experiment,  it  is  a  logical  error  to  classify  POR 
data  as  inconsistent  or  variable  merely  because  the  same  numerical  rating 
was  not  obtained  for  multiple  runs  with  the  same  configurations  of  vehicle 
dvnamics  and  svstem  input  or  because  the  variation  of  POR  with  vehicle  re¬ 
sponse  parameters  does  not  obey  the  analyst's  preconceived  theory. 

As  a  practical  matter  we  must  expect  that  POR  data  obtained  from  a  care¬ 
fully  designed,  realistic  experiment  will  exhibit  a  certain  amount  of  varia— 
’-ilitv.  What  w'e  need  to"' do  is  develop  methods  i6r  ensuring’^har  the  varia¬ 
bility' is  not  the  systematic  result  of  applying  faulty  theory  or  inadequate 
metrics  fc*-  the  correlation  and  assessment  of  POR  data.  Unexplained  varia¬ 
tions  in  ?CR  would  not,  in  fact,  be  random  if  the  pilot  subjectively  responds 
to  a  particular  svstem  property;  in  that  case  POR  data  might  be  almost  per¬ 
fectly  consistent' with  a  suitable,  but  unknown,  metric— in  other  words  it  is 
conceivable  that  it  is  the  engineering  analyst  and  not  the  pilot  who  estab¬ 
lishes  the  level  of  variability  in  POR  data! 

Of  course  the  pilot  is  not  a  machine;  run-to-run  variability  of  a  gen¬ 
uinely  random  nature  probably  must  be  expected.  The  Cooper-Harper  scale  for 
POR  i's  not  oerfect  and  must  be  selectively  interpreted  by  the  evaluation 
pilot.  The"  present  state-of-the-art  requires  that  such  effects  be  minimized 
bv  averaging* sufficient  POR  data.  We  should  insist,  however,  that  such  data 
be  uncont imitated  bv  effects  that  are  within  our  capabilities  to  understand 
and  control.  This  is  not  easily  accomplished. 

The  research  summarized  in  this  paper  is  based  on  the  hypothesis  that. 

(1)  a  Pilot's  subjective  response  originates  from  a  particular  point, 
or  area,  within  his  central  nervous  system,  and 

(2)  FOR  is  directly  and  uniquely  related  to  the  strength  of  the  neural 
3ignal~at' this  location.  If  the  validity  of  this  hypothesis  can  be  estab¬ 
lished,  then  handling  qualities  can  eventually  be  quantified  by  direct  meas¬ 
urement;  3l=,o,  handling  qualities  can  be  predicted  given  a  satisfactory  mod¬ 
el  for  pilot  dynamics. 


A  UNIFIED  MODEL  FOR  PILOT  DYNAMICS 


There  exist  only  two  state-of-the-art  models  for  pilot-vehicle  system 
dynamics  and  performance  that  have  received  general  acceptance  for  analysis 
of  single  loop,  continuous  tracking  tasks.  The  servomechanisms  model  (ref- 
erence°3)  was  developed  to  parameterize  pilot  dvnamics  for  a  wide  range  of 
controlled  elements.  The  Kleinman  optimal  control  model  (reference  4)  was 
devised  as  a  formal  tool  for  the  prediction  of  pilot-vehicle  system  £erfor»- 
ance.  Both  models  are  fundamentally  empirical.  One  must  depend  upon  the 
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existence  of  baseline  data  for  their  parameterization;  they  are,  in  a  sense, 
-fnt-prDolative.  Neither  model  offers  real  hope  for  understanding  the  fine 
erain  character  of  pilot  dynamics  (e.g.  the  variations  of  phase  margin  or 
Sossover  frequency  with  controlled  element  dynamics,  the  source  of  pilot 
frequency  regression,  control  sLxck.  pulsing  ,  control 
st^”'’pumping" ,  the  basis  for  pilot-generated  dynamic  equalization,  etc.). 
uTe  a?e  to  L^elop  a  general  theory  for  handling  qualities,  then  a  ^re 
refined  and  physically  oriented  model  for  pilot  dynamics  is  a  necessity. 

Reference  2  offers  two  hypotheses  which  define  the  scope  and  nature  of 
the  model  sought: 

HYPOTHESIS  1: 

'  '  The  iervo'and  the  iptiHai  control  models  for  human  pilot  d^amics  are 
linearizations  of  a  more  fundamental  (and  physically  acceptable)  nonlinear 

model. 


HYPOTHESIS  2: 

A  model  for  human  pilot  d>Tiamics  that  structurally  etches  the  ht^n 
physlol^y  in  th.  tracking  prot.aa  wlU  Uad  to  a  a.wr.l  aad  physical  ..as- 

ure  for  POR. 

The  pilot  model  shown  in  figure  1  was  investigated  in  reference  2  and 
is  proposed  to  be  such  a  model.  It  is  believed  that-when  properly  param- 
eteJicL-it  will  exhibit  most  of  the  known  response  properties  of  the  human 
pUot.  The  model  of  figure  1  is  intended  to  subsume  the  servo  and  the  op¬ 
timal  control  models.  Mote  that  figure  1  applies  for  a  pitch  atuitude 
ing  task  This  is  the  only  case  that  will  be  considered  in  this  paper.  The 
model  is  applicable  to  any  single  axis  task,  however. 

The  model  of  figure  1  is  nonlinear  and  multiple  loop  in  form.  has, 
to  this  date,  not  been  successfully  parameterized  in  the  fashion  desired 
It  is  demonstrated  in  reference  2.  however,  that  the  nonlinear  model  is  a 
very  plausible  explanation  for  the  parametric  variations  required  the 
servo  model  as  a  function  of  controlled  element  dynamics,  ^s 
ed  in  figure  2  for  the  three  familiar  controlled  element  forms.  Y^(s) 

K  /s  &  K  7s-.  A  highly  simplified,  linear  version  of  the  proposed  nonlinear 
pilot  moSel  is  shown  on  figure  2.  It  may  be  directly  compared  with  the  se^o 
model  Y  (juj)  following  closure  of  the  q-loop;  the  resulting  closed  loop  model 
connecting  e  with  Se  is  then  formally  the  same  as  Y  (jm)  from  the  servo 
model  representation.  The  appro.ximate  forms  for  Y  (j«)  predicted  by  the 
nonlinear  model  are  shown  in  figure  2  for  each  of  the  three  elementary  con¬ 
trolled  elements.  The  model  in  figure  2  is  assumed  to  result  from 
tions  of  model  nonlinearities  and  closed  loop  dynamics  which  create  the  sit¬ 
uation  shown  where  q^  is  negligible  with  respect  to  q. 

The  nonlinear  model  suggests  that  low  frequency  approximations  to  Yp(jw) 
should  resemble 
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K  ,  and 


1.  a  pure  gain  for  Y^{s)  =  K^/s 

2.  a  gain  and  a  low  frequency  lag  for  Y^(s) 

3.  a  gain  with  a  low  frequency  lead  for  Y^(s)  =>  K^/s  . 

•  with  measured  human  dynamics  as  embodied  in  the 

These  results  are  consiste  feedback  in  the  nonlinear  model  (figure  1) 

the  gain  with  pure  lead  shown. 

”“/u»)-s«e  fuur.  =  top  v^<0.  -  to  S.ooP-l, 

1'  the  level  of  pilot  control  of  system  rate 

the  nonlinear  model  ^  frequency  lead  or  lag  equalization  as 

need  not  be  directly  .e  .  y  (ju)— the  servo  model  for  pilot  dynam- 

measured  in  the  -describing  function  Y(J^  Kleinman  optimal  control 

"r.  £4  -f-crStro  ^ 


A  THEORY  FOR  PILOT  OPINION  RATING 


The  qualitative  reri'L“Sutr5!‘'  U  M^t"' 

^pelf“.af™“.Sos,taah  ^itt^uUT^ias  te<l.tte;>  f . TfL^^r S^e- 

ated  with  an  increase  in  the  ^^sj,  diffic3lty  should  be  expected 

ly  true.  A  more  appropri  <,ince  it  is  these  which  ultimately  deter- 

in  measures  of  closed  and  its  components.  It  is 

mine  the  linearized  forms  for ^chejilot^  q_channel  response  of  the  non- 

therefore  tempting  to  sp  ^  POR  regardless  of  system  input  or  con- 

linear  pilot  model,  will  J  on  both  K  and  the  closed  loop 

trolled  element  dynamics  since  dq  will  depena  on  o  .  ^ 

response. 

.Ta  iUusttatiou  at  th.  pusalbla 

handling  qualities  sonslder  that  ,s  jUflcult  to  control  »111  dcnand 

is  soldo,  largo,  -h.roas  »  ^£^5  tf  tho  stablllr.tlon  of  rat.  errors, 

that  the  pilot  dovoto  „sithor 

It  should  be  apparent  th  suffer  Thus,  good  rate  control  is  very 

can  attitude  and  the  dj^udling  ^^tion  for  good  handling  qualities, 

nearly  a  necessary  and  ^^fficient  conditi^^  ^ 

The  closed  loop  si^al  ^q  ^  ’  j^ggg)  within  a  certain  region  of  the  cen- 

neural  potentials  (or  electrical  the  follov^.ns 

tral  nervous  sysiem.  These  conjee. t-ta.cta  ar_  -.rm,.-- 
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hypothesis. 
HYPOTHESIS : 


A  physiological  measure  for  FOR  is  the  rate  of  nerve  impulses  (or  an 
equivalent  measure)  at  the  point  within  the  central  nervous  system  where  all 
signals  originating  due  to  rate  control  are  summed  or  operated  upon  by  a 
decision  process  of  some  sort.  The  neuromuscular  system  is  postulated  to 
provide  a  component  to  this  hypothesi/od  signal  junction;  this  component  is 
dependent  upon  the  feel  system  characteristics  and  will  affect  FOR.  The 
relation  between  FOR  and  the  nerve  impulse  rate  is  fixed  for  each  pilot. 

It  may  depend  upon  his  piloting  experiences,  training  and  his  personal  inter¬ 
pretation  of  the  rating  scale.  It  is  independent  of  controlled  element  dy¬ 
namics,  input  and  task.  r 

The  postulated  output  from  the  human  pilot  "central  processor's"  rate 
channel  3q  (as  depicted  in  figures  1  &  2)  is  not  directly  accessible  for 
measurement.  It  is  internal  to  the  central  nervous  system.  In  its  simplest 
form  3q  probably  consists  of  a  series  of  nerve  pulses  with  the  pulse  frequen¬ 
cy  proportional  to  the  neural  excitation  at  the  point  of  Impulse  generation. 
For  present  purposes  it  is  probably  sufficient  to  assume  that,  in  continuous 
tracking  tasks  with  random  Inputs,  3q  can  be  parameterized  by  its  standard 
deviation  .  Given  a  high  fidelity  pilot-vehicle  system  model,  a,  can  be 
estimated;  pSrhaps  Sq(t)  can  eventually  be  directly  monitored  given^advances 
in  medical  technology. 

By  the  above  hypothesis  and  the  assumption  that  Bq  can  be  represented 
by  a.  ,  we  may  expect  that  FOR  will  vary  with  in  the  manner  illustrated 

in  figure  3. 

Observe  that,  by  hypothesis,  FOR  is  a  function  of  only  for  a  given 

pilot.  However,  is  dependent  upon  anything  that  affects  the  signal 

strength  of  3q(t).  This  includes  controlled  element  dynamics,  input  spectrum 
display  properties  (since  these  affect  the  signal  transmission  of  rate  error) 
the  task  and  feel  system.  It  may  include  various  vehicle  motion  cues  avail¬ 
able  to  the  pilot  in  a  flight  test  or  moving  base  simulation. 

At  the  present  time  no  model  for  neuromuscular  system  dynamics  is  known 
to  this  author  which  will  permit  the  estimation  of  feel  system  effect  on 
0  .  Many  past  experiments  have  confirmed  the  importance  to  FOR  of  the  feel 

syitem.  As  a  result,  our  present  theory  for  the  correlation  or  prediction  of 
FOR  appears  to  be  restricted  to  consideration  of  only  those  pilot-vehicle 
data  for  which  the  control  system  was  optimized  with  respect  to  FOR. 


VALIDATION  OF  THE  RATING  METRIC 
IN  SINGLE  AXIS  TRACKING 


The  hypothesized  FOR  metric 


can  be  correlated  with  ratine  data  from 


1 


any  handling  quality  experiment  provided  sufficient  data  are  available  to 
permit  the  Ltimation  of  a  (given  a  satisfactory  model  for  pilot  dynamics) . 
provided  that  the  control  feel  system  was  optimized  with  respect  to  POR  prior 
to  each  data  run,  and  given  sufficient  POR  data  to  permit  the  estimation  of 
statistically  valid  POR  averages  for  each  tested  configuration.  Few  such 
data  sources  exist. 

Note  that  the  servo  and  the  optimal  control  models  for  pilot  dynamics 
are  suitable  only  for  the  estimation  of  average  system  properties.  This 
will  constitute  a  source  for  systematic  error  in  any  attempts  to  correlate 
POR  with  a.  using  these  pilot  models  since  it  is  likely  that  will  vary 
from  run-to^run  with  the  same  configuration  due  to  pilot  nonlinearities.  It 
is  reasonable  to  suspect  that  the  run-to-run  variance  of  will  be  great¬ 
est  for  those  configurations  that  are  the  most  difficult  to  control.  Until 
j,.  can^be  dinectly  measureji  by  experiment.,  there  is  no  waj  tp  eliminate  this 
efior  component  from  correlations  of  POR  with  c  ;  hopefully,  its  effects 
will  be  small  relative  to  the  basic  trends.  If  present  theory  is  basically 
correct,  then  the  run-to-run  variation  of  a  is  responsible  tor  much  of  the 
so-called  pilot  variability  that  pervades  thi  handling  qualities  data  base. 

It  also  explains  why  more  data  runs  are  required  for  the  valid  estimation 
of  average  POR  when  the  vehicle  dynamics  are  poor  (reterence  5). 

It  has  already  been  noted  that  the  servo  model  will  not  always  correct¬ 
ly  reflect  the  level  of  rate  control  predicted  by  the  nonlinear  or  optimal 
control  models  for  pilot  dynamics.  When  Y^(s)=K^/s  the  servo  model  requires 
no  low  frequency  equalization  (and  therefore  no  rate  control)  whereas  the 
nonlinear  model  indicates  that  considerable  rate  control  may  exist.  As  » 
rule-of-thumb,  when  the  servo  model  would  require  either  a  lead  time  con¬ 
stant  less  than  0.5  seconds  or  a  lag  then  it  should  not  be  used  for  the  es- 

timation  of 

The  nonlinear  model  of  figure  1  has  not  yet  been  successfully  parameter¬ 
ized  and  therefore  cannot  be  used  for  the  estimation  of  ‘^gq* ^  However,  t  ere 
is  no  objection  to  use  of  the  optimal  control  model.  A  version  of  this  is 
shown  in  figure  4  for  the  pitch  attitude  control  example.  This  model  dif¬ 
fers  significantly  from  the  conventional  Kleinman  model.  It  incorporates 
describing  function  representations  for  the  visual  threshold  nonlinearities 
in  the  rate  and  attitude  channels  (1C  &  K^g ,  respectively);  the  cost  func¬ 

tional  is  stated  in  terms  of  the. state  variables  perceived  by  the  human 
pilot.  A  discussion  of  this  model  can  be  found  in  reference  6  where  it  was 
Ltroduced.  The  cost  functional  weights  shown  in  figure  4  were  selected  in 
reference  6  to  optimize  the  fit  between  measured  and  predicted  closed  loop 
system  performance  for  Arnold's  tracking  data  (reference  7).  Arnold  s  data 
are  entirely  satisfactory  for  testing  the  proposed  POR  metric. 

Note  that  for  the  Kleininan-Dillow  model. 
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The  Kalman  filter  gain  K^  is  describing  function  approximation  to  the  actual 

filter  operation.  The  model  shown  in  figure  A  is  strictly  applicable  only 
convergence  of  the  optimization  routine. 

The  Kleinman-Dillow  model  was  applied  to  the  Arnold  tracking  data  to 
estimate  for  each  of  his  dynamic  configurations.  The  Arnold  POR  measure¬ 
ments  were^obtained  using  values  of  pitch  control  effectiveness  that  were 
approximately  optimum  with  respect  to  POR,  and  sufficient  data  were  collected 
to  permit  the  reasonable  determination  of  average  POR  for  each  configuration. 
Arnold  also  published  measured  a  ;  thus  the  Kleinman-Dillow  model  was  requir¬ 
ed  only  for  the  prediction  of  rate  loop  gain  K^^^  Kp^  K^.  The  resulting  cor¬ 
relation  between  Arnold's  averaged  POR  data  and  the  model-predicted  a 

-i-  r  n  -  ^  »  *'*'**••  *'  • 

(Thow  on  figure  5)  is  seen  to  be  quite'good;  the  hash  marks  represent  plus 
and  minus  one-half  rating  unit  (Cooper-Harper  scale)  about  the  mean  curve. 

The  Arnold-derived  correlation  shown  on  figure  5  was  obtained  from  POR 
data  averaged  over  several  pilot  subjects.  Thus,  if  present  theory  is  cor¬ 
rect  the  variation  of  with  the  nominal  fit  to  Arnold’s  POR  data  should 

constitute  a  model  for  the  prediction  of  POR,  averaged  over  many  pilots, 
provided  onlv  that  a  satisfactory  model  for  pilot  dynamics  is  available  to 
enable  the  estimation  of  In  other  words,  the  function  POR  (c,^)  shown 

in  figure  5  should  be  constant  over  a  wide  range  of  experimental  conditions. 

The  optimal  control  model  of  figure  4  was  applied  without  change  to 
McDonnell's  data  (reference  5).  Unfortunately  reference  5  did  not  publish 
measured  o  :  thus  it  was  necessary  that  Che  Kleinman-Dillow  model  be  used 

q 

for  the  prediction  of  the  rate  loop  gains  and  Also,  the  McDonnell  data 

were  very  sparse;  in  order  to  extend  his  data  base  it  was  necessary  to  aver¬ 
age  his  POR  data  for  a  given  configuration  without  regard  for  control  system 
gain.  The  resulting  correlation  is  shown  on  figure  5;  the  correlation  is 
supportive  of  the  present  theory  to  a  degree  that  is  better  than  might  be 
expected  in  view  of  the  data's  shortcomings. 

Two  additional  data  points  were  obtained  from  Johnson  (reference  8)  who 
applied  the  Paper  Pilot  theory  to  moving  bgse  simulator  data  published  by 
Onstott,  et  al  (reference  9).  The  servo  model  was  used  to  represent  pilot 
dynamics.  Of  the  35  configurations  examine  by  Johnson  only  two  resulted  in 
non-zero  estimates  for  the  pilot  lead  time  constant;  thus,  these  are  the  only 
two  cases  for  which  the  servo  model  can  be  used  to  estimate  (Time  did 

not  permit  the  application  of  the  Kleinman-Dillow  model  to  these  35  cases). 

For  these  two  points  a.  =  K  T.  o  where  K  T  are  the  servo  model  gain  and 

[5q  p  iw  q  P  ^ 

lead  time  constant,  respectively.  Onstott  did  not  publish  and  his  con¬ 
trol  system  was  not  optimized  relative  to  POR.  Johnson's  published  values 
of  a  ,  estimated  from  the  Paper  Pilot  analysis,  were  used  here  for  the  esti- 

q  . 
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mtion  of  Ogq.  The  two  Onstott-based  data  points,  shown  in  figure  5.  co=^- 
pletely  support  the  present  theory. 

Lri'putn:' 

pU.-“eSr„S:  d.t.’.er.  f„.  . 

Donneir s  data  were  for  a  command  input  tracking  task. 

^  r,  r.^VlPr  acceotable  data  sources  known  to  this  author  for 

There  are  no  other  ac  p  nocad  on  the  correlations  obtained, 

Srhypotresl?thL'5o/'irSrameteri;ed  by  is  considered  as  tentatively 

confirmed  under  the  cited  restrictions. 


in-flIght  vs.  fixed 


XED-BASE  PoV  DIFFEfexCES^ 


u  .-P.1  hi^  fixed-base  simulation  measurements  of  POR  with  those 

Arnold  compared  his  f the  same  aircraft  dynamics 

experiments. 

“viJr;?.di“ro«orr„:£iuhrpr^^ 

The  good  agreement  between  the  predicted  and  ^ensured  POR^for 

^  rrrrrnc^c  ^hAt  Amold’s  distlav  thresuold  vas  a  major  sourc.-  .  ^ 
these  cases  suggests  diffeUnces.  Display  threshold  effects  on 

”Ld%SlgS£il'.'"?h:S"l  not  .np..r  to  b.  .npl.ln.bl.  olth  th.  KUln- 
man-Dillow  model  in  the  form  shown  in  figure  4.  . 

rating  prediction  in  multiple  loop  tracking 


Estlmtts  of  o,  otto  nod.  for  tht  pr.titlon  VTOl  honor  configur.tlons 

of  mllnr  .nd  Vlnjo  ”hS:  ^^0  using 

James  Dillow  or  the  Air  measured  system  performance  data, 

th.  a.l.~n  -fSiv'LrSn'S  S””giS1opL  Pilot  stud, 

“:;.““crn?  Thr«U.r-vi„J.  dat.  ».t.  obtainad  uith  optinit.d  control 
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effectiveness.  The  FOR  were  based  on  the  Cooper  scale;  these  were  converted 
to  the  Cooper-Harper  scale  using  conversion  equations  suggested  by  McDonnell 
(reference  5). 

-he  Miller-Vinje  simulation  task  was  to  hover  a  \rrOL  aircraft  over  a 
ground  reference  in  turbulence.  The  longitudinal  control  problem  ^s  to 
Create  or  arrest  a  forward  velocity  with  pitch  attitude  control.  The  pilot 
was  therefore  required  to  control  forward  position,  speed  u,  pitch  attitude 
S,  and  pitch  attitude  rate  q. 

me  variation  of  predicted  a  ,  with  measured  FOR  is  sho^  in  figure  7. 
It  appears  that  is  not  unreasonable  as  a  correlating  metric  for  FOR; 

however,  the  data  do  not  support  the  Arnold  results  except  in  the  region 
where*,?OR  is  less^  than  about_  3._  ,  -  V  v-*"' 

Part  of  the  correlation  problem  is  that  it  isn’t  clear  what  we  should 
use  as  a  measure  for  system  rate  in  a  multiple  loop  system  with  the  kleinman 
model.  If  both  u  and  q  are  superimposed  to  form  an  augmenteo  rate  then  a 
somewhat  better  fit  can  be  obtained  as  shown  in  figure  7. 

4  conclusion  of  reference  2,  however,  was  that  no  state-of-the-art  pilot 
model* is  entirely  suited  for  the  estimation  of  the  handling  quality  metric. 

It  was  further  concluded  that  a  switching  model  was  a  likely  candidate  lor 
explaining  pilot  dynamics  in  multiple  loop/axis  tracking. 

I-  is  interesting  that  both  metrics  shown  in  figure  7  yield  FOR  correla¬ 
tions  *Ihat  are  asymptotic  to  the  Arnold  data  in  the  region  of  good  handling 
qualities.  This  suggests  that,  in  this  region,  outer  loop  control  of  speed 
or  position  has  little  effect  on  handling  qualities. 

A  GENERALIZED  PAPER  PILOT  METHOD 


m-TLow  and  Picha,  in  reference  f>,  propose  a  generalized  Paper  Pilot 
method  for  formalizing  the  prediction  or  correlation  of  FOR.  They  suggest 
using  ^he  Kleinman  model  for  pilot  dynamics— incorporating  provisions  for 
disolav  or  visual  thresholds— and  a  cost  functional  based  on  pilot-perceived 
syste-  states  as  illustrated  in  figure  4.  By  replacing  the  seryo  model  with 
tL  Kleinman  model  and  its  attendant  cost  functional  they  hoped  to  eliminate 
the  troublesome  Paper  Pilot  rating  functional  which  has  been  a  principal 
weakness  in  the  theory.  Their  rationale  for  doing  this  was  that  it  may  be 
easier  to  select  appropriate  weights  for  the  Kleinman  model  cost  functional 
than  to  find  a  general  rating  functional  for  the  Paper  Pilot  theory. 

Their  approach  to  the  estimation  of  FOR  is  empirical.  They  ass^e  that 
P0R=VT,  proyided  that  the  weights  of  J  (the  cost  functional)  are  selected 
to  optimize  the  model-predicted  and  measured  match  of  system  performance  and 
POR.  This  rating  predictor  was  totally  Inaccurate  for  the  McDonnell  data 
when  the  cost  functional  was  weighted  using  Arnold’s  data  as  a  base. 
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It  is  suggested  in  reference  2  that  the  Dillow-Picha  revisions  to  Paper 
Pilot  have  merit  provided  that  J  is  augmented  by  a  term  representing  FOR 
(in  keeping  with  the  spirit  of  the  original  Paper  Pilot  theory) ;  the  POR 
estimate  must  then  be  determined  using  this  component  of  J  and  not  the  tota 
value.  For  the  pitch  tracking  cases  discussed  in  this  paper  a  suitable  cost 
functional  should  be 


e  p 


rw  +  rK^] 
^  q  q 


+ 

S 


Koi 


POR  =  fen 


Note  that  J  is  now  a  function  of  the  optimal  control  gain 
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POR=  fcn(C7^^  ,  pilot. .  .experience,  background.  etc.J 
=  fcn(Y^(s),  input,  display,  task,  manipulatcrj 

igure  3 _ Hypothetical  Variation  of  with  POR 
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Figure  4 _ Equivalent  Kleinman-Dillow  Model  for  Piter. 
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LONGITUDINAL  FLYING  QUALITIES  IN  THE  LANDING  APPROACH 
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ABSTRACT 


An  investigation  of  the  longitudinal  flying  qualities  of  large  transport 
aircraft  in  the  landing  approach  was  performed  as  a  portion  of  a  long-range 
flving  qualities  independent  research  and  development  program  at  the  Douglas 
Aii’craft  Company.  A  literature  study  was  performed  to  g,e^er  ail  criteria 
which  showed  promise  as  estimators^of  flying  qualities.  -”hen  a  piloted 
motion  base  simulator  experiment  was  conducted  to  produce  data  which  could  be 
used  to  evaluate  the  selected  criteria.  Each  criterion  was  evaluated  by_ 
comparing  the  estimated  flying  qualities  it  produced  for  each  configuration 
with  the  Cooper-Harper  ratings  given  by  the  pilots.  An  appraisal  was  then 
made  of  each  criterion  based  on  its  performance  in  this  study.  The  criteria 
evaluated  included  several  from  MIL-F-S735B  (Reference  1)  (flight  path 
stability,  short  period  frequency,  short  pence  damping  ratio,  phugoid 
stability,  and  static  stability),  the  short  period  criterion  of  SAE  .'JIP  8a2B 
(Reference  2),  the  short  period  criterion  of  Rererence  3,  and  a  pitch 
tracking  task  criterion  (References  4,5,6).  The  best  results  were  obtained 
by  combining  the  information  contained  in  the  flight  path  stability  and  pitch 
tracking  task  criteria. 


INTRODUCTION 


The  abilitv  to  accurately  estimate  the  flving  qualities  of  an  airplane 
which  exists  only  on  paper  is  essential  to  the  aerodynamic,  control  system, 
and  autopilot  design  processes.  Many  criteria  exist  for  estimating  flying 
qualities,  of  which  the  best  example  is  the  MIL-r-8785B.  Unfortunately,  this 
is  a  military  flying  qualities  specification,  containing  criteria  developed 
primarily  on  the  basis  of  research  and  design  experience  on  military  aircraft. 
The  criteria  in  the  MIL-F-87S53  can  be  applied  to  all  types  of  aircraft,  from 
the  smallest  trainer  to  the  largest  transport.  However,  there  is  much  less 
data  to  support  the  criteria  for  large  transport  (Class  III)  airplanes  than 
there  is  for  fighter/attack/ interceptor  (Class  IV)  airplanes.  Designers  of 
civil  transport  aircraft  tend  to  doubt  or  even  disbelieve  the  validity  of 
some  of  the  criteria  (e.g.,  the  lower  limit  on  short  period  frequency). 
Further  civil  aircraft  tend  to  have  missions  which  are  quite  different  from 
those  of  military  aircraft,  which  suggests  that  different  performance 
standards  would  apply.  This  is  not  to  say  that  the  nilitary  criteria  are  not 
used;  however,  they  have  certain  shortcomings  vr.en  applied  to  civil  transport 
design. 


^The  term  ’^estimators'’  is  used 
mate  of  flying  qualities  (i.e 


because  tlie  ci’iufeiia  produce  4uaiititative  estx 
,  pilot  ratings  or  flying  qualities  levels). 
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A  more  serious  criticism  of  most  existing  criteria  is  rooted  in  the  fact 
that  they  are  based  on  approximations  to  the  response  of  an  airplane. 

Examples^  of  this  are  seen  in  the  MIL^F--8785B  criteria  for  the  short  period. 
These  criteria  are  based  on  experimental  data  for  which  the  short  period  is 
well  damped  and  well  separated  from  the  phugoid.  The  current  trend  toward 
relaxed  static  stability  airplanes  with  stability  and  control  augmentation 
is  gradually  eroding  the  ability  of  such  criteria  to  accurately  predict 
flying  qualities,  especially  for  failure  cases.  There  is  a  trend  towards  the 
use  of  pilot -model-in-the-loop  criteria  which  place  performance  standards  on 
the  pilot  plus  airplane  system,  rather  than  on  the  airplane  alone.  At  this 
time,  however,  no  closed  loop  criteria  have  been  accepted  for  inclusion  in 
the  MIL-F-87353. 

For  these  reasons,  the  Douglas  Aircraft  Company  has  undertaken  a  program 
of  research  in  the  area  of  transport  aircraft  flying  qualities.  The  goal  of 
f  this  research  program  'is  the 'determination  of  flying  qualities  criteria  for 

the  design  of  conventional  as  well  as  relaxed  static  stability  airplanes. 

This  paper  is  a  description  of  the  work  being  done  to  develop  longitudinal 
flying  qualities  criteria  for  large  transport  aircraft  in  the  landing 
approach.  This  description  of  the  research  program  will  be  broken  down  into 
the  following  sections:  (1)  discussion  of  criteria  selected  for  investiga¬ 
tion,  (2)  design  of  the  experiment,  (3)  performance  of  the  experiment,  and 
(4)  analysis  of  the  results.  Each  phase  will  be  discussed  in  detail  below. 


DISCUSSION  OF  LONGITUDINAL  FLYING  QUALITIES  CRITERIA 
SELECTED  FOR  INVESTIGATION 


T:;c  first  -tage  of  the  program  of  research,  was  a  wide-ranging  review’  of 
the  literature  for  longitudinal  rlying  qualities  criteria.  ihere  are  far  too 
many  criteria  in  existence  to  be  tested  in  an  experimental  program  or  to  be 
discussed  in  detail  here.  A  relatively  small  number  which  showed  promise  or 
which  are  generally  accepted,  were  selected  for  inclusion  in  this  flying 
qualities  experiment.  The  criteria  of  the  MIL-F-8785B  were  incl’aded  because 
they  are  ’’accepted”  criteria.  The  short  period  criterion  of  the  ARP  842B  was 
included  as  an  "accepted”  criterion  in  civil  aircraft  design.  The  short 
period  criterion  of  Reference  3  was  included  because  it  contains,  in  a  single 
criterion,  the  information  provided  by  several  other  criteria.  Finally,  a 
pilot-model-in-the-loop  pitch  tracking  task  criterion  which  had  shown  promise 
in  earlier  studies  was  included.  These  criteria  will  be  discussed  below  for 
large  airplanes  (Classes  II  and  III)  in  the  landing  approach  (Category  C 
phase  of  flight). 

The  MIL-F-S785B  criteria  which  were  evaluated  were;  flight  path 
stability  (dy/dV) ,  short  period  frequency  (wnsp  n/a),  short  period  damping 
(^Sp) j  phugoid  stability  (Cph  or  T2) ,  and  static  stability.  ^11  of  these 
criteria,  except  static  stability,  are  stated  in  terms  of  levels  of  flying 
qualities.  Table  1  shows  the  relation  of  the  flying  qualities  levels  to 
pilot  ratings  and  to  a  set  of  descriptors.  The  static  stability  criterion 
requires  that  an  airplane  exhibit  positive  static  stability  at  all  times. 

The  advent  of  relaxed  static  stability  airplanes  has  called  this  criterion 
into  question,  and  the  question  was  addressed.  The  flight  path  stability 
criterion  limits  backside  operation  by  placing  limits  on  the  parameter  dy/dV. 
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Lcerience  with  the  large  transnort  aircratt  (e.g.,  C-5,  DC  10,  etc.; 

Experience  wiiu  l  &  te  too  restrictive.  This  criterion,  when 

static  stability  criterion,  is  considered  unrealistically  restrictive, 
eSpeiiaUv  foi  reSed  stahc  stability  airplanes.  The  phugold  stability 

nffinf sSblhofr'petiod  criterion  is  based  on  a  presutytlon  tbat  for 
tWsSrtilrCMft!  the  Laired  ranges  ■  o f- values  ingp  and  tg^are  Invariant 
transport  aircr,  similar  to  the  CAL  "thumbprint"  which  was  well 

““  tid®5^  Se  JLt  buJ  h«  lost  pLularlty  as  it  is  not  in  the  MtL-F-8785B. 
accepted  in  illustrated  L  Figure  2.  The  short  period  criterion 

of*Refe”ncr3^irsi«llat  to  the  MIL-F-8785B  short  period  criterion,  cociblnlng 
e  Lnc  “and’danping  ratio  Units  in  a  singe  triteria.  ^be  para^ter  o 

'?LTiLti^Lu!u4hf.Lof  riSb”?LSlL^^  the  p?ig  tag  ot 

co.peSLS^1£c  ig  oggtg  gtigdgg  ge  prggc.^ig»^^^^^ 

JL‘L;L TloJ1ffi:LL  1  1  ,  Thgcrigug  ggg  thgiollging  .r-^ 

inSpeS  b“p;tL  bgdgd^ 

c  L“Lncf  LLny  frecuencv  greater  than  ge  b»d„tgth 

^rSoLlLgrlhe  ”L^?“”lL“.^LL!;L‘rLS%LLency  Ig 

included  for  very  slou  contrgled  elemgg  perfor^Le  require- 

t^tS  LL  wfiL“f  Til"  P^enlation 

sS  -  brsrpSrLsi  ru-Li  Mp-; 

“  =“  iLret^d^L^Lfei! 


design  of  the  experlment 


A  flving  qualities  experiment  was  designed  to  provide  data  for  evaluation 
of  the  selSed  ?lyiig  qualities  criteria.  The  proper  approach  to  desiring 

such  an  experiment  is  first  to  collect  f  ^  ^^/T, 
criteria  to  be  evaluated.  They  are  as  follows,  static  stabilitj, 

r  n/a  (jJnpu  Cpwi  phase  compensation,  and  resonance.  ^ 

contigullkons’snouid  thL  be  designed  which  vary  each  paraaieter  .nucpenucr...,. , 
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so  that  the  effects  of  each  parameter  may  be  isolated.  Assuming  that  four 
values  of  each  parameter  will  cover  the  region  of  interest,  and  that  static 
stability  is  not  independent,  there  will  be  4^  or  65536  configurations.  The 
pilots  would  probably  get  bored  evaluating  so  many  configurations,  so  a 
balanced  fractional  factorial  design  could  be  used  to  reduce  the  matrix  by  a 
factor  of  perhaps  eight,  leaving  only  8192  configurations. 

Since  this  proper  approach  yields  impractical  results,  two  other 
approaches  were  used  to  design  two  groups  of  configurations.  The  twenty-six 
configurations  of  the  first  group  are  either  typical  wide-body  airplanes  with 
eg  location  varied  from  far  forward  to  far  aft  of  the  neutral  point,  or  such 
airplanes  with  a  single  stability  derivative  varied  to  change  the  flying 
qualities.  The  characteristics  of  these  configurations  are  given  in  Table  5. 

The  configurations  of  Group  II,  on  the  other  hand,  were  obtained  by  specifying 
the  characteristics  given  in  Ta.ble  6;-  and  solving-  for  the  equations  of  potion  v 
coefficients.  The  solution  to^his  transformation  is  not  unique,  as  there 
are  more  than  twice  as  many  unknowns  as  there  are  conditions.  A  computer 
program  was  written  to  solve  this  transformation  on  the  basis  of  minimizing 
a  weighted  sum  of  squTed  errors  between  the  specified  values  of  the 
parameters  and  the  values  calculated  for  a  trial  set  of  equations  of  motion 
constants.  The  algorithm  exhibited  poor  convergence  properties  in  general, 
and  in  particular  for  |^ph!  <0.04.  However,  several  hundred  configurations 

were  calculated  for  which  the  algorithm  converged.  The  sixteen  configurations 
of  Group  II  were  selected  from  these. 


PERFORMANCE  OF  THE  EXPERIMENT 


The  configurations  were  rated  by  pilots  flying  the  McDonnell  Douglas 
six-axis  motion  base  simulator  located  at  Long  Beach.  The  simulator,  shown 
in  Figure  4,  is  supported  by  six  hydraulic  jacks  arranged  in  a  configuration 
developed  by  the  Franklin  Institute.  The  limits  of  linear  and  rotary  motion 
of  this  system  are  given  in  Table  7.  Interior  and  exterior  views  of  the 
simulator  cockpit  are  shown  in  Figures  4  and  5.  The  airplane  equations  of 
motion  are  programmed  on  a  hybrid  computer  system,  of  which  the  major  elements 
are  a  Xerox  Sigma  Five  digital  computer  and  a  Comcor  Astrodata  Ci-5000  analog 
computer.  Cockpit  motion  commands  are  generated  in  the  hybrid  system  and 
transmitted  to  a  DEC  PDP  11/40  minicomputer.  The  minicomputer  computes  the 
geometric  transformations  and  controls  the  hydraulic  jacks  in  a  closed  loop 
fashion,  using  LVDT  transducer  feedback  from  the  jacks.  Figure  6  is  a 
schematic  of  the  elements  of  the  motion  base  simulator  facility.  The  visual 
display  is  generated  by  a  Redifon  II  system,  using  a  detailed  terrain  model 
for  landing  approaches.  Figure  7  is  a  layout  of  the  System  Simulation 
Laboratory,  of  which  the  motion  base  simulator  is  a  part. 

Five  Douglas  Aircraft  Company  test  pilots  performed  154  evaluations  of 
the  forty-two  configurations  over  a  period  of  two  weeks.  Each  evaluation 
consisted  of  one  to  three  ILS  approaches,  at  the  pilot's  discretion,  after 
which  the  pilot  gave  the  configuration  a  pilot  rating  on  the  Cooper-Harper 
scale.  The  ILS  approach  began  at  a  range  of  13.7  kilometers  (7.4  n.mi.) 
from  the  threshold,  at  an  altitude  of  457  meters  (1500  feet),  and  on  the 
extended  runway  centerline.  The  three-degree  glide  slope  was  intercepted 
at  a  range  of  about  8.7  kilometers  (4.7  n.mi.).  The  pilot  then  flew  down  the 
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glide  slope  in  a  turbulent  atmosphere.  Lateral-directional  dynamics  typical 
of  a  wid e-body  transport  were  simulated  but  held  constant  throughout  the 
experiment.  After  breakout  at  an  altitude  of  213  meters  (700  feet),  the  pilot 
transitioned  to  the  visual  display  for  flare  and  touchdown.  The  simulation 
permitted  the  pilot  to  stop,  turn,  and  taxi  the  airplane  on  the  ground,  but 
this  was  not  part  of  the  evaluation  task.  The  test  engineer,  who  rode  in  the 
copilot  seat,  recorded  the  pilot  rating  and  pilot  comments.  Figure  8  is  a 
typical  evaluation  record.  Every  variable  of  interest  (and  many  of  no 
interest)  was  recorded  on  half-inch-wide  nine-track  tape  on  760  meter 
(2500  feet)  reels  at  a  rate  of  four  hertz,  while  the  simulation  computer 
cycle  rate  was  twenty  hertz.  The  configurations  were  presented  to  the  pilots 
in  random  order,  with  a  different  random  order  for  each  pilot. 


RESULTS  AND  ANALYSIS 


The  evaluation  of  the  flying  qualities  criteria  was  performed  by  com¬ 
paring  the  level  of  flying  qualities  predicted  for  a  given  configuration  with 
the  actual,  or  true,  level  of  flying  qualities  for  that  configuration.  The 
true  level  of  flying  qualities  for  each  configuration  was  assumed  to  be 
represented  by  the  average  of  the  ratings  that  the  pilots  gave  that  configu¬ 
ration.  The  Cooper-Harper  pilot  rating  scale  used  in  this  experiment  is 
repeated  here  as  Figure  9.  The  results  of  this  experiment  are  given  in 
Tables  8  and  9  for  the  Group  I  and  Group  II  ccnf igurations ,  respectively. 

The  first  column  in  each  of  these  tables  lists  the  configurations  by  number. 
The  next  column  gives  the  mean  pilot  rating  fcr  each  configuration.  The 
third  column,  labeled  ,  is  the  actual,  or  true,  level  of  flying  qualities 
for  each  configuration,  based  on  the  mean  pilot  rating.  Every  configuration 
in  Group  I  was  rated  by  at  least  three  different  pilots,  some  by  four,  and 
some  by  all  five  pilots.  In  Group  II,  one  configuration  was  rated  by  one 
pilot,  one  by  two  pilots,  and  the  rest  by  three,  four,  or  five  pilots.  The 
average  number  of  ratings  per  configuration  was  3-2/3  for  both  grouts. 

labile  the  criteria  generally  do  not  have  half  levels,  a  configuration 
that  falls  near  a  level  boundary  probably  is  indistinguishable  from  a  con¬ 
figuration  just  across  the  boundary.  Therefore,  half  levels  were  created 
for  most  of  the  criteria  by  the  rules  given  in  Table  10.  Some  of  the 
criteria  do  not  have  a  boundary  for  every  level.  The  M1L-F-8785B  short 
period  frequency  criterion,  for  example,  has  a  c  irmon  lower  boundary  for 
levels  2  and  3.  A  level  2  boundary  was  added  midway  between  the  level  1  and 
level  3  boundaries,  as  shown  in  Figure  10,  to  facilitate  evaluation  of  this 
criterion.  The  ARP  842B  short  period  criterion  is  stated,  not  in  terms  of 
levels,  but  by  the  terms  "acceptable  augmented,"  "acceptable  unaugmented,” 
and  "unacceptable."  These  terms  bear  a  similarity  to  the  definitions  of  the 
flying  qualities  levels,  so  were  equated  to  levels  1,  2,  and  3,  respectively, 
as  shown  on  Figure  11. 

The  fourth  column,  labeled  Rq,  is  the  level  of  flying  qualities  predicted 
for  each  configuration  using  the  Bandw’idth  Model  criterion.  The  name  Band¬ 
width  Model  is  used  to  refer  to  the  pilot-model-in-the-loop  pitch  tracking 
task  criterion.  The  number  at  the  bottom  of  the  column  (23  for  Group  I  and 
23  for  Group  II)  is  the  total  error  (in  half  levels)  of  these  predictions. 


Inspection  of  the  totals  for  all  criteria  reveals  that  the  Bandwidth  Model 
criterion  is  the  best  performer  for  the  Group  I  configurations  and  is  second 

to  dy/dv  for  Group  II.  ,  ,  r 

The  flight  path  stability  criterion  (R2)  is  the  second  best  performer 

for  the  forty-two  configurations.  This  is  an  indication  that  pilots  are  more 
sensitive  to  bad  flight  path  response  than  they  are  to  bad  pitch  response. 

The  MIL-F-8785B  short-period-frequency  criterion  (R3)  was  the  poorest  per¬ 
former  overall  and  also  for  Group  II,  but  was  slightly  better  than  the  worst 
for  Group  I.  The  short-period-damping-ratio  criterion  (R4)  performed  better 
than  R-i,  though  pilot  opinion  should  be  insensitive  to  it  over  a  wide  range. 
Even  the  phugoid  stability  criterion  (R5)  outperformed  R3.  The  static 
stability  criterion  (R5)  was  evaluated,  but  not  on  the  basis  of  levels.  The 
positive  answer  was  considered  an  estimate  of  level  1  to  2-1/2,  and  a  negative 
answer  as  level -1- to  A.  -^n  this  bas^.  Re  wa?  wrong  for  eight  of -the  twejjty- 
six  configurations  of  Group  I.  A  more  meaningful  observation  is  that  only 
half  of  the  statically  unstable  configurations  are  level  3  or  worse.  This 
means  that  in  half  the  cases,  a  requirement  for  positive  static  stability 
was  not  needed  to  achieve  level  2  flying  qualities.  The  performance  of  Rg 
with  Group  II  is  not  mentioned  because  it  was  not  varied  in  Group  II. 

There  is  not  anv  methodology  in  the  MIL-F-8785B  for  combining  the 
estimates  for  several  criteria  to  get  an  overall  airplane  level  of  flying 
qualities.  One  can  only  guess  that  the  overall  flying  qualities  will  be  as 
bad  as  the  worst  rating  or  perhaps  worse.  Criterion  Rio  is  an  overall 
predicted  level  of  flying  qualities  based  on  the  MIL-F-8785B  criteria.  It 
is  equal  to  the  worst  of  R2  to  Re,  and  turns  out  to  be  a  poorer  performer 
than  any  other  criteria  except  R3  and  R5.  The  prediction  of  Rio  was  better 
than  actual  in  six  cases,  and  worse  than  actual  in  twenty-eight  cases .  While 
it  is  better  to  err  on  the  conservative  side,  this  performance  is  too 

conservaCive.  o/on 

The  last  two  criteria  evaluated,  the  short  period  criteria  of  ARP  8A2B 

(Rp)  and  of  Reference  3  (R9)  performed  well,  being  third  and  fourth  best  out 
of "eight  when  both  groups  are  considered.  They  both  performed  better  than 
the  MIL-F-8785B  short-period  criteria. 

Inspection  of  the  data  for  Ri  and  R2  shows  that  when  Ri  is  better  than 
Rn  Rt  is  worse  than  Ri,  and  thus  probably  closer  to  Rg,  in  85%  of  the  cases. 
When  Ri  is  worse  than  Rg,  Rz  is  better  than  Ri  in  78%  of  the  cases.  But, 
when  Rq  is  the  same  as  Rg,  Rz  is  better  than  Ri  in  77%  of  the  cases.  Thus, 
when  R9  is  worse  than  Ri,  Rg  is  generally  worse  than  Rl.  But  when  Rz  is 
better'than  Ri,  the  odds  are  even  that  Rg  is  the  same  as  Ri  or  better  than 
ihlg  suggests  a  combination  criterion,  R13,  which  is  defined  b%  the 
equations : 


'13 


when 


Rl  >  R2 


j  (Rl  +  Rz) 


when 


<  R. 


Tlie  results  show  that  this  combination  criterion  is  better  than  any  of 
the  other  criteria  evaluated.  The  sum  of  the  errors  is  thirty  half-levels 
for  forty-two  configurations.  Further,  when  the  characteristics^ covered  by 
the  various  criteria  arc  taken  into  account,  such  a  criterion  makes  more 
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SS'cfic^i.  S«',cc„.n.,  i.  se„siUv.  to  all  t.a 
parameters  varied  in  this  experiment. 

recommendations  for  further  work 

1  Since  there  was  enough  data  collected  in  the  simulator  experiment  to 

^  o^-?nT1  nf  virtually  any  longitudinal  criterion,  it  is  recom- 
permit  the  eva  u  .  ,  criteria  be  evaluated.  Obvious  candidates  are 

Sols:vor“dS  8)  the  ntoh  Paper  Pilot  (Referenoe  10).^ 

The  erosswer  Model  will  IrfoSiIncrof  a  laSinr^PPro&ch 

„st-decide  how  J^tirioogithdlhally.  which  the  Cro.s- 

appeere  to  s”p„d,  assuolhg  that  a  eoltahle  ay.tet.  rodel  can 

over  .0  ^  required  pilot  model  adjustments  made,  one  must  then 

LVel'Se  f^r  etti'Jtinrflying  qualities.  The  info^ation  available  in 
the  literature  indicates  that  the  esti.ated^ 

amount  for  evaluation  include  the  following:  (a)  McPilot 

S:f“;n=e  W  (brcMre?.f.Le  12),  (c)  3/5ss  en^  nz/njgc  (Reference  13). 
(d)  c^  (Reference  14),  and  (5)  maneuvering  stability  (Fg/nz)  (Rererence  ). 

„  .  U  1  -..e.  „f  further  work  would  be  identification  of  the  parameters 

of  a  nS2“t  the  hnran  pilots,  this  was  ettenpted  briefly,  hot  ab.ndoned 
^hen  SfalBorlth.  tailed  to  tohvetge  The  conpntet  ptogta.^nsed 
Program  Newton,  a  modified  Newton-Raphson  .ecnr.^que  uc— . . - 

15. 

3  kliile  the  combined  criterion,  R13,  perforr.ed  quite  well  ^^r  the  present 

atady.  it  shonld  be  Se°'l»dlJ.roSroacS  ‘/^ontce  Sf'^th  data 

l-tl4«  .1.2etL  of^  Ltge  delta  wing  tt.nspott  In 
the  landing  approach. 

SUMMARY  AND  CONCLUSIONS 


A  number  of  longitudinal  flying  qualities  criteria  were  evaluated 

aoain^t  the  results  of  a  motion  base  simulation  cf  large  transport  .xircra  t 
against  the  results  criteria  of  MIL-F-8785B  performed  poorly  over- 

^li*^^^Tirsho?t-perlod  criteria,  from  ARP  842B  and  Reference  3,  performed 

aSv  The^beL  performance  was  exhibited  by  a  criterion  combining  the 
feSlts  of‘a  pXch  tracking  task  and  the  flight-path-stability  criterion. 
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TABLE  1.  flying  QUALITIES  LEVELS 


X 


Level 

1 


>3 


Cooper-Harper 
Pilot  Rating 

1  -  3.5 


3.5  -  6.5 


Description  of  Flying  Qualities 

Clearly  adequate  for  mission* 

Adequate  to  accomplish  mission  but 
with  reduced  performance  or  increased 
pilot  workload. 

Safely  controllable  but  excessive 
workload  or  inadequate  perfcrmance. 

Loss  of  control  probable. 


TABLE 


FLIGHT  PATH  STABILITY  CRITERION  (MIL-F-8785B) 
Level  dv/dV  Less  Than 


0.06  deg/kt 
0.15  deg/kt 
0.2A  deg/kt 


TABLE  3.  SHORT  PERIOD  DAMPING 

ratio  limits 

(MIL-F-87B53) 

Level 

"SP 

Min 

Max 

1 

0.35 

1.3 

o 

0.25 

2.0 

3 

0.15 

— 

TABLE  4.  PHUGOID  STABILI 

TY  LIMITS  (MIL-F-8785B) 

Level 

?Ph  ^2 

(sec) 

0.04 


2  ^ 

53  ^sec) 
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TABLE  5.  < 

3R0UP  I  CONFIGURATION  CHARACTERISTICS 

V  -  140  1 

kts  y 

=  -3* 

W  «  350,000  lb 

“nsp 

“nph 

n/ct 

dy/dV 

1/T51 

1/1^2 

1 

0.846 

0.628 

0.186 

0.072 

3.80 

-0.0399 

-0.084 

-0.506 

2 

0.732 

0.7C8 

0.169 

0.063 

3.94 

-0.0432 

-0.083 

-0.528 

3 

(-0.633) 

(-0.307)- 

0.086 

0.318 

4.14 

-0.0491 

-0.082 

-0.556 

4 

(-0.811) 

(-1-0.090)2* 

0.200^ 

0.636+ 

4.20 

-0.0511 

-0.082 

-0.564 

5 

(-0.909) 

(-l■0.158)3* 

0.184*^ 

0.210+ 

4.24 

-0.0530 

-0.082 

-0.568 

.6 

0.828 

Q.645  . 

.  0.190 

0^57 

*3.80- 

-0.013 

-0.577 

7 

0.819  ' 

Cf.653 

0.192 

0.049 

3.80 

0.236 

+0.015 

-0.605 

8 

0.811 

0.662 

0.194 

0.041 

3.80 

0.324 

+0.041 

-0.631 

9 

0.804 

0.565 

0.188 

0.084 

2.75 

0.C054 

-0.102 

-0.339 

10 

0.795 

0.502 

0.191 

0.099 

1.78 

0.095 

[0.166] 

[0.917] 

11 

0.723 

0.431 

0.194 

0.117 

0.82 

0.400 

[0.143] 

[0.587] 

12 

0.853 

0.888 

0.184 

0.080 

3.80 

-0.0399 

-0.084 

-0.531 

13 

0.836 

0.337 

0.188 

0.066 

3.80 

-0.0399 

-0.084 

-0.481 

14 

0.829 

0.149 

0.189 

0.064 

3.80 

-0.0399 

-0.084 

-0.466 

15 

(-0.991) 

(-H0.225)‘** 

0.211^ 

0.388+ 

4.29 

-0.0551 

-0.082 

-0.575 

16 

(-1.061) 

(■f0.291)5* 

0.210t 

0.331+ 

4.35 

-0.0572 

-0.082 

-0.583 

17 

(-1.125) 

(-K). 358)6* 

0.209t 

0.295+ 

4.43 

-0.0593 

-0.081 

-0.595 

18 

0.953 

0.570 

0.165 

0.107 

3.65 

-0.0360 

-0.087 

-0.484 

19 

0.596 

0.841 

0.141 

0.073 

4.06 

-0.0465 

-0.082 

-0.544 

20 

0.S43 

0.395 

0.187 

0.106 

0.71 

0.498 

[0.141] 

[0.545] 

21 

0.441 

0.663 

0.170 

0.043 

1.05 

0.285 

[0.149] 

[0.676] 

22 

(-0.577) 

(+0.152)2* 

0.190“^ 

0.347+ 

1.22 

0.222 

[0.154] 

[0.731] 

23 

(-0.767) 

(+0.341)6* 

0.106^ 

0.240+ 

1.37 

0.173 

[0.158] 

[0.776] 

24 

(-0.904) 

(+0.499)6* 

0.196*^ 

0.207+ 

1.54 

0.133 

[0.163] 

[0.828] 

25 

0.833 

0.263 

0.188 

0.065 

3.80 

-0.0340 

-0.084 

-0.475 

26 

0.831 

0.197  ' 

0.189 

0.064 

3.80 

-0.0340 

-0.084 

-0.470 

( ) 

First-order  factor 

W] 

[C] 

^0)  *  0.441,  s 

»  1.07 

"*12  =  3 

.03 

+T2 

*  4.36 

2T2 

*  7.70 

^12  -  2 

.38 

8x2 

=  2.03 

^T2 

*  4.39 

6x2  =  1 

.94 

^12 

*  1.39 

*Tested  against  phugoid  criterion 
"^Tested  against  short  period  criterion 
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TABLE  6,  GROUP  II  CONFIGURATION  CHAILVCTERISTICS 


V  =  140  kts  Y  =  -3°  W  =  350,000  lb 


Config  ^SP 

fsp 

ilk 

n/ :i 

'’Ph  (g/rad) 

dY/dV 

(deg/kt) 

l/Tg^ 

27  1.39 

0.50 

0.16 

0.12  3.5 

0.1 

-0.0607 

-0.325 

30  1.05 

0.85 

0.16 

0.12  2.0 

0.1 

-0,334 

-0.179 

39  (-0.744)1 

(-2.585)1 

0.16 

0.28  3.5 

0.1 

-0.0372 

-0.484 

40  1.05 

0.35 

0.16 

0.12  2.0 

0.1 

-0.119 

0.0435 

43  1.39 

0.5 

0.08 

0.12  3.5 

-0.05 

< 

-0.0534 

-0.293  . 

49  1.05 

0.5 

0.08 

0.12  2.0 

0.1 

-0.0397 

-0.221 

61  1.39 

0.85 

0.08 

0.28  3.5 

0.1 

-0,0428 

-0.555 

62  1.05 

0.85 

0.08 

0.12  2.0 

0.1 

-0.0408 

-0.218 

66  0.592 

0.85 

0.08 

0.12  3.5 

0.1 

-0.0681 

-0.380 

75  (-0.318)- 

(-1.10)- 

0,16 

0.28  3.5 

0.1 

-0.0471 

-0.608 

76  0.592 

0.85 

0.03 

0.28  3.5 

-0.05 

-0.0767 

-0.430 

34  0.447 

0.S5 

0.16 

0.12  2.0 

-0.05 

-0.171 

0.0595 

35  0.447 

0.5 

0.16 

0.12  2.0 

0.1 

-0.0494 

-0.272 

90  0.592 

0.5 

0.08 

0.12  3.5 

-0.05 

-0.0761 

-0.4C0 

91  0.447 

0.5 

0.08 

0.12  2.0 

-0.05 

-0.0860 

-0.453 

96  1.05 

0.5 

0.08 

0.12  2.0 

0.1 

-0.186 

0.0667 

‘Equivalent 

=  1.39,  ;  = 

1.2 

^Equivalent 

=  0.592,  ;  = 

1 

j.  • .. 

TABLE  7.  MOTION  LIMITS  FOR  THE  : 

MOTION  BASE 

Motion 

Excursion 

Velocity 

Acceleration 

Heave 

ill6  cn 

(±81  cm/ sec 

±1.75  G 

(t46  in.) 

(z22  in. /sec) 

Sway 

±147  cn 

t96  cn/sec 

±1.45  G 

(±58  in.) 

(±38.5  in. /sec) 

Surge 

±152  cn 

±98  cn/sec 

±1.45  C 

(±60  in.) 

(±38.5  in. /sec) 

Roll 

±30^^ 

±23'’/sec 

6.9  rad/sec^ 

Pitch 

±30® 

t23°/sec 

6.9  rad/sec^ 

Yaw 

±30® 

i30°/sec 

8.1  rad/sec^ 
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TABLE  8.  GROUP  I  -  COMPARISON  OF  CRITERIA 
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TABl-E  9.  CROUP  II  -  COMPARISON  OF  CRITERIA 
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TABLE  10.  SOME  NOTES  ON  THE  APPLICATION  OF  THE  FLYING  QUALITIES  CRITERIA 


1-  PR  Levels;  PR  1-3  3.01-3.99  4-6  6.01-6.99  7-9  9.01-9.49  9.50-10 

Level  1  1‘2  2  2'z  3  3*2  4 


2.  Bandwidth  Model:  Half  levels  were  created  by  saying  that  any  configu¬ 
ration  within  0.7  dB  or  3.5®  of  a  boundary  would  be  rated  as  an  average 
of  the  adjacent  levels. 


3.  dy/dV: 


Level  1  l‘i  2 

dy/dV  +0.045  0.0451-  0.075- 
0.0749  0.135 


2’:  3  3'-i  4 

0.1351-  0.165-  0.2251-  0.255 

0.1649  0.225  0.2549  &  Up 


^SP 


vs  n/cc: 


See  Figure  10  —  No  half  levels  for  lower  boundaries. 


Half  Levels  for  Other  Criteria:  When  parameter  falls  on  or  very  close 
to  boundary,  it  is  considered  half  way  between  levels. 


R]_o:  The  standard  way  of  applying  MIL-F-8785B  is  to  compute  flying 

-  qualities  of  an  airplane  for  a  number  of  criteria.  The  only  way 

to  estimate  the  overall  flying  qualities  of  the  airplane  is  the  let  it 
be  the  same  as  the  worst  estimate. 


R-ii:  This  criterion  is  a  combination  of  the  Droop-Bandwidth  criterion 

-  and  the  dy/dV  criterion.  If  the  level  for  dy/dV  is  worse  than 

the  level  for  bandwidth,  the  two  are  averaged.  If  not,  the  bandwidth 
level  is  taken. 
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THIS  BOUNDARY  QUESTIONABLE 


F  I  fi  1)  R  F  0.  M  n  T  1  0  f|  P.  AS  F  S  I  M  I)  L  A  T  0  R 


SlMlJl.A-rfcD  HUNWAY  AND  ftlUiAIN 


MOTION  BASE 
Simulator 


FIGURE  7.  SYSTEH  SUlULATlItl  LABORATGRY 


p.\nr  T 
qu/iLit: 
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Pilot  u  e  b  r  i  l  f  i  ii  g  form 


Date 


:  i2-  3-‘'75 


NaiiiG : 


-  'V 


Run  No. 


Confiyuralion  No. 
Turbulence  Level 


Time  of  Day  (Start):  A) - M  *  -  -  *  wi 


!  I  Vw' ■;  1 4-6 

Ability  to  control  flight  path: 


Ability  to  control  airspeed: 


SZ'-  ^  ^  I  •  / 


j 


Pitch  response: 


a, A  or-x  s.d^ 


Other: 


-<r- 

.  t  '  : 

Si 

J 


'y.r  Sid-/' 


t-r 


I  c.\ 


iA 


Pilot  Rating; 


Main  reason  for  rating,  if  adverse. 


FIGURE  8.  TYPICAL  EVALUATION  RECORD. 
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FIGURE  U.  C  n  0  P  F.  R  -  II  A  R  P  F.  R  PILOT  RATING  SCALE. 


100 


LEVEL  3 


0.1  H - — 

- 1 - 
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1 

10 

100 

n/a 

(g/rad) 

FIGURE  10.  MiL-F-8785B 

SHORT  PERIOD 

FREQUENCY 

CRITERION 
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LEVEL  2 


.2  .3  .4  .6  .8  I.O  2 


^sp 

FIGURE  12.  SHORT  PERIOD  CRITERION  OF 
REFERENCE  3 


WORTH  ASSESSMENTS  OF  APPROACH  TO  LANDING 

Renwick  E.  Curry 

Man  Vehicle  Laboratory 
Massachusetts  Institute  of  Technology 
Cambridge,  Mass.  02139 


abstract 

The  objective  of  worth  assessment  is  to  determine  the  relative 
■•nportance  of  attributes  in  the  overall  preference  of  objects. 
rL,  to  determine  the  functional  relationship  between 
and  the  known,  physical  attributes  of  a  set  ot  objects.  This 
technique  is  described  below  and  is  applied  to  the  assessment 
of  wor?h  functions  in  approach  to  landing  for  general  aviation 
and  air  carrier  pilots. 

INTRODUCTION 

The  objective  of  the  worth  assessment  technique  is  to  determine  a  f<^c- 

tiona!  reStionship  between  preference  in  a  set  of  objects  ^nd  their  known 
tional  relation^uip  ^.h^r  words,  we  wish  to  be  able  to 

attributes  (say;  x,,  x^, 

••  •  the  relative 

create  a  lunccion  ■•vUxwa  v-e.i  Oe  ..oe-  -  .  -  -  • 

.  rha  at-ributes  as  well  as  determining  the  preference  between 

'b  a„ribub.s.  A.  »e  will  .ho.,  th.  bochniquo  ^ 

.  '  A  to  the  regression  point  of  view  in  the  analysis  variance,  and  we 

r^-  ho^Sr;:.  oMom  esse.>bl0Uy  lnbobv.1  seal,  hobo  tbo.  Ob- 

"T-ri?iHiiroFirri"iriTbo»:;;Ss?S”'^ 

WORTH  MODELS 


Suppose  we  have  a  set  of  objects  or  stimuli  (Sp  with  attributes  limited 

to,  for  illustrative  purposes,  three  variables  x^.  x^,  In  this  section 

we  will  discuss  the  techniques  for  obtaining  a  worth  function  for  this  set  of 
objects  under  two  conditions:  in  the  first  case  magnitude  estimates^of  wort^^ 
are  available  from  the  subject,  i.e.,  numuiicax  vaxMbh.  ro.  . 
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second  case,  a  rank  ordering  of  all  objects  in  a  set  is  used  to  obtain  the 
worth  function. 


Magnitude  Estimation 


There  are  many  situations  where  the  only  feasible  way  of  measuring  prefer¬ 
ences  vs  bv  numerical  estimate  provided  by  the  subject.  This  is  the  well-kno™ 
magnitude  estimation  technique,  known  to  have  many  pitfalls  (Poulton,  1968), 
but  is  a  useful  way  to  gather  data  when  treated  with  caution.  If,  in  the  ex¬ 
ample  above,  we  have  three  attributes  with  various  levels  along  each,  we  can 
assume  various  forms  for  the  worth  function.  Perhaps  the  most  common  form  is 
the  additive  worth  function  given  by 

X^,  XJ  =  W^(X^)  +  W^CX.)  +  W^(X^) 


Denoting  the 
responses  in 


numerical  responses  to  the  stimuli  bv  v,.,,  we  may  express 

'  ijk 

the  traditional  main-effects  analysis  of  variance  format. 


these 


V  =  ;■  +  A.  +  B.  +  C,  +  e. 

'  ij  K  L  ]  K  ij  K. 

There  ire  manv  .inaivsls  of  variance  programs,  for  example,  3>[D10V  (from  the 
L’CLA  Dlomedical  rackace),  w'nich  treat  analysis  of  variances  as  regression 
preb’cms.  In  Z'aI<  case,  the  vector  of  th.e  responses  can  be  expressed  in  terms 
of  Che  desien  matrix  and  of  unknouna  parameters  in  the  form 


Treating  the  numerical  representat ions  for  preference  in  this  way,  one  is  able 
to  reconstruct  the  additive  partial  worth  functions  from  the  coeffi¬ 

cients  i. 

Assuming  add  it;  ive  worth  functions  of  the  tvpe  described  above  allows  for 
c I'.rg' I ^ i e  i.rcudo'..’.  L'a  l..',!-  suauc  ol  cue  inuiviuuai.  or  partial  wortii  lunc cions. 

For  exam.ple,  we  may  sc  ill  have  a  non-monotonic  worth  function  as  would  be  true 
of  someone  who  prefer';  ^ne  teaspoon  of  sugar  in  coffee:  cups  with  one  teaspoon 
of  sugar  are  preferred  to  cups  with  zero  teaspoons  or  two  teaspoons  of  sugar, 
leading  to  an  ir.verted  L’-sIiaped  partial  worth  function  for  sugar. 

(hv  t’ac  oc!icr  hand,  there  are  many  worth  functions  where  it  is  knoiv^n  ^ 
priori  that  the  worth  functions  are  monotonic  with  the  attribute,  e.g.,  money. 
For  such  worth  functions,  it  is  not  unreasonable  to  assume  a  linear/ interaction 
(LINT)  form  for  the  worth  functions  as  given  by  equation 


;(x, ,  X,,  xj  =  gx,  +  ;gx„  + 


33X3  +  + 


?  y  Y  +  q  X  X 
'5  1  3  ^6  2‘^3 


UTiether  the  additive  worth  functions  or  the  LINT  worth  function  models  are 
used,  the  number  of  objects  to  be  evaluated,  i.e.,  cases  to  be  evaluated,  will 
depend  on  the  requirement  for  the  regression  to  be  non-singular.  Certainly 
the  factorial  presentation  will  suffice  in  both  of  the  above  cases. 


Rank  Ordering  of  Preferences 

In  many  cases  it  is  feasible,  and,  from  a  psychological  scaling  point  of 
view,  more  desirable  to  obtain  the  rank  order  preferences  of  the  objects  with¬ 
in  the  set.  To  obtain  the  worth  functions  from  these  rankings,  we  assumed  that 
these  rankings  are  related  to  the  .  (internal)  worth  by  ttie  following 


586 


r  =  M(A.  +  B.  +  c  ) 

’^ijk  1  J  ^ 

fnnrtion  of  the  apparent  worth  provided  by  the 
where  M(-)  is  any  mono  ^  formulated  in  the  same  form 

inodGlj  ‘t.! 

^  -it.  •  to  minimize  some  suitable 

aa  equation  3,  ulth  the  coet.ieien  o  ‘  Speatuan  rank-otdet  cot- 

statlstital  “talent  to  .Inciting  the  RUS  tank  etror  be- 

relation  coefficient,  which  q  provided  by  the  subject, 

tween  the  ranks  provide  J  ^  ^  squares  fit,  assuming 

A  reasonable  initial  valu  values.  That  is,  we  assume  all  objects 

that  the  ranks  are  in  c  interval  scale,  an  assumption  which  is  no 

ate  at  equal  dlstancea  along  point  for  the  S=  to  be 

doubt  untrue.  However ,  _ this  i  ^  ^  3^5^  of  the  cases  we  have 

further  iterated  to  minimize  t  -oefficients  B  that  could  improve  the 

tried  to  date,  [stained  bv^'the  least  square  procedure.  Thus  it 

R-.S  rank  IP  should'  aluaya  be  cheeked,  that  the  aasucptlon  ol 

“::!-"trt“li "long  thi  interval  acale  1.  In  ptaotl.e  a  good  one. 


WORTH  OF  APPROACH  TO  LANDING 

We  have  applied  the  worth  le’rjilois!  “in^'^he^" 

ent  landing  combinakons  of  a  limited  set  of  wind 

first  experiment,  we  placed  P  ,-onditions  and  turbulence  level  on 

direction,  wind  strength,  runway  ^  ordered  bv  a  general  avia- 

j;orSioranr^^^DC-;1i:sroffi:er:';The-two 

were  ^Y-etrical  about  the  «  ,,  ,3  ,, 

tions  obtained  from  these  p  ^  f  direction,  and  essentially 

seen  that  both  ‘^^ftr^.^rie^ce  The  -jo;  differences  occur 

the  same  and  runwav  surface  conditions,  where  it  can 

in  the  attributes  ot  win  ■  *  oiiot  is  more  sensitive  to  wind  strength, 

rr:::  sroerq  s-rofficer  is  -rnf:f™^rtS 

rUojr:r;he'^riri've^SrrLrcrof  these  attributes  during  the  landing  oper- 

"“""ue  continued  this  experiment  by  ".^’^fev^ai^ca^rier 

the  factorial  “^f^'theS^are  sho.^  in  Figure  2.  It  can  be  seen 

jiirjLrfirriiL  vane^y  in  individual 

^r;s:e:tlfuy"thrsl^^^^^  the  visibility  condition  (RVR) ,  the 

dominanteattribute-iots  approaches,  the  instructions  continued 

'°"YrLve  just  finished  ranking  the  approaches  in  the  order  of 
nre^efenL  "  which  you  would  like  to  make  them.  Some  are  good, 

"o^Ire  bad,  so  bad,  in  fact,  that  you  wouia  never  auiempc  an 
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approach  under  those  conditions.  Assume  the  following  situation 
holds.  You  have  had  a  good  night  *s  sleep  and  now  you  are  about 
to  make  the  first  landing  of  the  day.  Your  alternate  is  200 
miles  away.  Place  the  colored  card  between  those  approaches 
you  would  attempt  (the  top  group)  and  those  approaches  you  would 
not  attempt  (the  bottom  group).’* 

The  results  of  this  are  shown  in  Figure  3  which  displays  the  number  of 
approaches  that  the  pilots  would  attempt  as  a  function  of  age  and  total  flight 
time.  Besides  showing  correlation  between  age  and  total  flight  time,  there  is 
a  surprising  consistency  across  all  pilots  with  one  exception.  It  cannot  be 
inferred  from  this  procedure  that  this  one  pilot  really  would  attempt  24  of 
the  approaches  because  of  possible  misinterpretation  of  instructions^ nonethe¬ 
less  it  appears  that  this  might  be  a  reasonable  way  to  assess  risk  taking 
tendencies . 


THE  WORTH  OF  WORTH  ASSESSMENT 


The  approaches  of  worth  assessment  outlined  here  appear  to  be  a  convenient 
method  to  determine  the  relative  importance  of  various  attributes  from  object 
preferences,  whether  these  preferences  be  expressed  in  numerical  terms  (magni¬ 
tude  estimates)  or  in  terms  of  rank  ordering  various  objects  in  a  set.  These 
techniques  have  the  advantage  that  standard  ANOVA  programs  can  be  used  to  pro¬ 
cess  the  data  if  they  provliie  regression  coefficients  as  part  of  the  output. 

We  have  found  in  our.  experience  that  ranks  seem  to  be  a  good  approximation  to 
the  actual  scale  value  when  processing  the  rank-order  data.  This  is  particu¬ 
larly  useful  since  it  allows  one  to  obtain  essentially  interval  scales  from 
ordinal  responses.  We  suggest  using  models  incorporating  both  additive  worth 
functions  and  ‘:hose  vith  int-ir.-ic t  i ons ,  •' ince  tlio  latt  jr  n::y  'ua  important  under 
some  conditions.  (For  six  out  of  the  seven  air  carrier  pilots  in  the  evalua¬ 
tion  of  landing  approaches,  additive  worth  functions  gave  better  agreement  to 
the  actual  responses  than  any  of  the  LINT  models.) 

We  have  also  found  that  the  card  sorting  procedure  may  yield  artifacts, 
since  subjects  seem  to  sort  the  cards  based  on  the  one  or  two  most  important 
attributes,  and  then  sort  cards  within  the  major  attributes  according  to  some 
algorithm  which  does  not  truly  reflect  preference.  It  also  may  be  an  indica¬ 
tion  that  the  attributes  beyond  the  first  two  are  ignored  (Shepard,  1964)  and 
perhaps  may  not  be  important  relative  to  other  attributes. 

All  in  all,  the  worth  assessment  techniques  outlined  here  should  prove  to 
be  a  very  useful  analytical  tool  in  man-machine  system  studies. 
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A  COMPUTER-CONTROLLED  MACHINING  AND  MANIPULATING  DEVICE 
By  Tony  C.  Woo  and  John  M.  Paul 
Coordinated  Science  Laboratory 
University  of  Illinois 
Urbana,  Illinois 


SUMMARY 


This  paoer  concerns  the  control  of  a  laboratory  scale 
machining  and  maninulating  device  for  automatic  I  abrication 
of  three-dimensional  mechanical,  parts .  The  device  perform.s 
the  function  of  pickup  of  stock,  setup  ana  clamping  o. 
stock,  cutting,  and  transfer  under  the  control  of  = 
time-sharing  DEC-10  system. 


INTRODUCTION 


As  part  of  the  Advanced  Automation  Research  Group  _  in 
Science  Laboratcry,  the  manufacturing 

il  of  automatic 


Coordinated 


interpretation  of  designs,  and  automatic  fabrication.  This 
paper  describes  the  hardware  and  control  aspects  oi  a  device 
for  fabrication. 

Three-dimensional  parts  are  designed  with  volumetric 
Dr’'mitives  [1,  6].  The  primitives  are  unit  solids  such  as 

cylinders,  and  fillets.  Is  addition  to  soon 
conventional  operations  as  translation,  rotation and 
scaling,  the  primitives  can  be  glued  together  grapnically 
via  an  ADD  command  or  negated  and  then  intersected  witn 
other  volumes  via  a  REMOVE  command.  The  logic  involved  in 
ADD  and  REMOVE  of  solids  is  quite  different  than  the 
conventional  Boolean  logic. 
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Rpfore  a  design  can  be  realized  by  cutting  a  piece  of 
stock  certain  procedural  information  must  be  obtained  from 
t"rdesi.n:  Among  the  information  to  be  derived  are  the 

nn^ina  tools  required,  the  cutter  paths,  stock  size,  ana 

San^pCfanon  and  "clamping  information.  Iha  difflcu  ty  in 
arriving  at  these  information  _  lies  in  the  fact  that  tne 

geometry  of  the  volumetric  designs  are  locally  simple  y 

a?oSallv  complex.  To  combat  this  difficulty,  the_ concept  of 
a  cavity  is  employed  as  an  intermediate  description  between 
design  and  fabrication.  The  automatic  interpretation 
process  is  reported  el3ewhere[7] . 

One  way  of  creating  three-dimensional  objects  from 
deriveS  data  la  via  cutting.  Though  paper  tape  driven 
numerical  controlled  machines  have  long  been  available,  one 
idea  of  treating  a  milling  machine  as  a  computer  periphe.  al 
lelice  in  conjunction  with  computer  grapnics  nas  cnlyoeen 
explored  recently  [3).  One  of  the  advantagea  of  having  a 
t'^iree-dimensional  model  made  from  grapnical  data  is  .n. 
enhancement  of  visualization.  A  user,  for  example,  does  not 
'eld  to  integrate  multiple  views  in  order  to  ^appreciaoe  ...e 
subtleties  often  not  detectable  in  graphical  term. 

The  device  reported  in  this  paper  has  ^  a  modest 
manipulating  capability  as  well  as  cutting  capability,  uur 
interest  in  the  manipulation  aspect  rexates  Sorong^y_  to 
productivity  in  manufacturing  and  programm_able  automation. 
According  to  one  recent  study  L.j.  over  93  percent  e.  -nc 

a  pirt  spends  in  a  factory  is  In  transfer,  positioning, 
heading  etc.  This  motivates  our  implementation  of 
programmable  transfer  and  fixture  capabilities  as  an 
integral  part  of  the  reported  device. 

The  combined  machining  and  manipulating  capabilities 
enable  us  to  automate  the  fabrication  process  witnout  human 
assistance.  A  typical  scenario  involving  our  device  is  as 
fl!iows  After  ini t laluatlon ,  a  piece  of  stock  is  picged 
io  and  Placed  on  a  worktable.  Pneunatic  clamps  .re 
positioned  around  tre  stock  and  are  tightened  tvu  -le 

SSktIble.  A  cutter  is  then  selected  and  the  cutting 
proceeds.  The  entire  process  is  reversed  after  cutting  is 
finished . 

The  computer  controlled  machining  and  manipulating 
device  is  interfaced  to  a  DEC-10  KI  processor  via  a  7 

m.egabaud  I/O  bus  .  The  device  was  originally  designer  as  a 
robot  for  hand-eye  coordination  studies  [2].  It  a 

gantry  configuration,  capable  of  reaching  anywhere  in  a  x 
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hv  five  bv  f’ve  foot  volume.  The  arm  can  be  moved 
Y^v  and  z  directions.  The  arm  contains  a  shaft  with  an 
11/16  chuck  which  can  be  rotated  in  the  theta  direc  ion  o 
means  of  either  a  high  or  low  speed  motor. 


DEC- 10 

I/O 

Computer 

k- 

Machining 

and 

Manipulating 

Device 

Processor 

Bus 

Interface 

r 

A  work  t 
work  space  i 
moment  of  the 
an  aluminum  p 
spaced  two  ir 
Small  chips  : 
cleaner  under 
to  the  workta 
rack  rests  or. 
cutters  for^ 
tightening  t: 


able  in  the  form  of  a  raist 
3  constructed  so  as  to  mi: 
'^z-axis  under  cutting  force, 
late  witn  an  array  of  half 
iches  apart.  The  holes  ser 
ran  be  vacuumed  through  the 
the  work  table.  Blocks  ca 
cle  for  automatic  clamping 
^one  sice  of  the  worktable, 
drilling,  milling,  facing, 
,e  bolts  on  the  programmable 


:  platform,  in  the 
Lmize  t.ne  bending 
The  table  top^is 
och  threaded  holes 
3  a  dual  purpose, 
noles  to  a  vacuum 
also  be  fastened 
nd  set  up.  A  tool 
The  tools  include 
and  a  socket  for 
locks . 


Machining  and  Manipulating  Device 
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FEATURES 


X,Y  and  Z  Movement 

Movement  of  the  arm  in  the  three  translational 
directions  is  accomplished  with  computer  controlled  stepping 
m.otors.  The  X  and  Y  axis  have  120  steps  per  inch  and  the  Z 
direction  has  96.4  steps  per  inch.  Scaling  can  be  done  with 
software  and  will  be  discussed  later.  The  control  of  the 
stepping  motors  is  open  loop,  therefore  if  a  stepping  motor 
stalls  for  any  reason  the  arm  will  have  to  be  reset.  The 
speed  of  movement  in  any  direction  is  under  computer  control 
with  a  maximum  rate  of  1  inch  per  second. 


Quick  Change 

For  computer  controlled  changing  of  tools  on  tho  wrist 
shaft  a  solenoid  actuated  quick  change  mechanism  with  a 
11/16  inch  chuck  is  used.  All  the  tools,  including  cutters 
sockets  and  the  hand  can  be  placed  on  the  rotary  shatt  ci 
the  arm  under  computer  control.  Then  t ither  the  low  speed 
stepping  motor  or  the  high  speed  cutting  motor  can  be  used 
to  rotate  the  arms  shaft. 


Pneumatic  Clamp 

Automatic  clamping  of  materials  to  be  machined  is 
accomplished  with  an  air  vise.  Two  blocks  are  positioned 
with  the  hand  and  bolted  down  with  the  socket  tool.  Then 
through  computer  control  one  of  the  blocks  slides  under  air 
pressure  to  clamp  the  work  piece  in  place.  The  pressure 
created  by  the  vise  is  also  under  computer  control. 


Hand  with  fingers 

As  mentioned  earlier  a  hand  may  be  placed  on  the  rotary 
shaft  of  the  arm.  Then  by  means  of  the  low  speed  stepping 
motor  the  hand  may  be  rotated  in  the  +  and  -  theta 
direction.  The  hand  has  two  fingers  which  can  be  used  to 
grasp  objects  and  can  also  apply  varying  amounts  of  pressure 
through  the  fingers .  The  hand  can  be  attached  and  detached 
from  the  arm  completely  under  computer  control. 
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High  Spef^d  Shait  Rota  tier. 

“onJroT  and  'this  'moto'r  'can  nnly  engaged  If  tne  Ion  speed 
Stepping  motor  is  disengaged. 

Low  3p66d  shaft  rotation 

The  low  speed  stepping  motor  can  be  used  to  rotate  tn.- 
shaft  Tn  inerLents  of  4  degrees., 

velocity  with  this  m.otor  is  approximately  i2G  Rt . ^we/.. 

torque  is  greater  at  a  low  speed. 


HARD.-JARE  CONTROLLER 


The  DEC-10  has  a  36  bit  nerd  format  111  rardnare 

interfaced  to  the  I/O  bus  throuern  a  ob  c^t  par - 

Three  different  I/O  instructions  can.  oe  usea  to  cummin---. 

with  the  device: 

DATAO  <address>,  <aecumulai.or. 

r.  M  Pi  /  -  ■;  rj  p  ci  c;  p  <  3  C  C  U  r  -  3  t  r 


CCNI  <addtcss>,  <accumulator> 


7TC03  r3dd’^^; 


:he  I/C  cus 


and*  <accum.uiator>  contain-  the  appropriate  3b  bit  w^cr^o  c 
the  case  of  CONI  will  contair  tne  po  bpt  .-jc.  - 
DATAO  instruction  writes  the  contents  ci  tne  accumu.aL. 
?Se  device  as  data.  The  CO.NO  instruction  _writes^ 
contents  of  the  accumulator  to  device  6=. 

information.  The  CONI,  reads  a  b  ^  .or.  .  r.m  .ne 

of  the  device.  Appenoix  A  ccnta-.:S  .n^  "  =  "  =  ^ 

each  of  the  3  different  instructions  .or  .x  •  ... 
executing  a  DATAO  instruction  witn  bi.  3p  'd^  rec' 

a  >'1"  the  arm  will  move  one  step  a.n  tne  +x  —re. 

Ixecuting  10  .onseoutive  DATAO'S  JnV 

■?  4-y  'direction.  It  can  be  seen  that  anu 

control  is  strictly  done  with  software.  A  CONI  inst-ru' 
that  ?etirrs  a  in  bit  35  will  indicate  that  tne  -x 

swftcrhar'been  depressed.  Ic  can  be  seen  that  tne  ma:- 


nsors 
3  for 


jLion . 
steps 
feed 
jcticn 
limit 
'o  ritv 
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of  the  act-ual  hardware  is  just  36  bit  data  latches,  along 
with  a  high  speed  motor  controller,  AC  solenoid  drivers,  an 
air  pressure  controller,  stepping  motor  drivers,  and 
interrupt  handling  hardware.  Software  is  responsible  for 
the  majority  of  control. 


SOFTWARE  CONTROL 


The  control  program  for  the  device  is  called 
Robhnd  .exe[5 ,736]  and  can  be  run  interactively  with  the 
DEC-10  monitor  command: 

. ru  robhnd[ 5 , 7 36 J 

After  typing  the  above  monitor  command  the  program  will 
respond  with: 

ROBOT  READY,  GIVE  RESET  FIRST 
OR  DETACH 

If  DETACH  is  typed,  the  robot-handler  program  is  ready  to 
accept  calls  from  programs  written  in  higher  level 
languages.  If  RESET  is  typed,  the  device  is  ready  to  accept 
commands.  The  following  commands  are  valid: 

RESET 

Used  to  initialize  the  device  or  to  recover  from 
"HARD"  errors.  A  reset  leaves  the  arm  at  the 
absolute  position,  X=-3240  Y=-3240  Z=1400  and  W=0, 
where  W  represents  the  wrist.  All  pressure 
registers  are  cleared. 

SENSE 

Returns  current  status  of  the  arm  which  includes  X 
position,  Y  position,  Z  position,  and  W  position. 

XREL  N 

Move  N  steps  in  the  x  direction  relative  to  its 
current  location.  -3241  <  N  <  3241. 

XABS  N 


Moves  to  location  N  on  the  X  axis.  Again,  -3241  < 
N  <  3241  . 
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ZR£L  N 

Moves  N  steps  in  the  z  direction  (.i  niay 
negative ) . 

ZA3S  N 

Moves  to  the  z  coordinate  position  rJ. 


SETVEL  N 


here  N  is  a  nunber  between  0  and  1, 
s  a  scale  factor  for  velocity  (feed) 
n  the  X,Y,2,  or  W  direction. 


and  is  used 
when  moving 


SETVC  N 

this  set  the  hand  pressure  control  power  source 
0  for  current 
1  for  voltage 

It  should  be  set  to  0  with  the  hand  attached. 


SETPR  N 


HAND  N 


lere  N  is  between  0  and  1777.  A  number  ^reate 
1^  1777  is  loaded  as  1777  and  any  number  leso 
In  0  is  loaded  as  0.  This  controls  the  D/A 
ftroll^d  power  ouppl,  to  eitper  ouo^nt 
)gnUude  of  0-5  amps,  or  voltage  oagnitude  oi 
-IS  volts . 


if  N  equals  1  the  hand  opens 
N  equals  -1  the  hand  closes 

N  equals  0  no  power  will  be  delivered  to  the 
hand. 
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SETHS  N 


where  N  is  between  0  and  255.  This  sets  the  speed 
for  the  high  speed  motor  controller  between  0  and 
25,000  RPM  with  100  RPM  increments. 

SETAP  N 

where  N  is  between  0  and  255.  This  set  the  air 
pressure  for  the  air  vise  to  between  0  and  60  PSI. 

HIGHS  N 

a  0  turns  off  the  high  speed  motor,  a  1  turns  on 
the  motor.  This  is  interlocked  with  engaging  the 
low  speed  motor  by  hardware. 

LOWSP  N 

a  0  disengages  the  low  speed  motor,  a  1  engages 
the  low  speed  motor.  This  is  interlocked  with  the 
high  speed  motor  in  hardware. 

AIR  N 

a  0  turns  off  the  pneumatic  clamp,  and  a  1  turns 
it  on . 

QUICK  U 

a  0  disengages  the  quick  change,  and  a  1  engages 
the  quick  change. 
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APPENDIX  A 


bit  meaning 

DATO  bits 


notes 


)_2  P  bit  field  for  Priority  Interrupt  Channel 

5-6  4  bit  field  for  AC  solenoid  control 

0000  not  used 
0001  quick  change  on 
0010  quick  change  off 
0011  not  used 
0100  not  used 
0101  high  speed  motor  on 
0110  high  speed  motor  off 
0111  low  speed  motor  engaged 

1000  low  speed  motor  disengaged 

1001  air  pressure  off 

1010  air  pressure  on 

1011  not  used 

I  1 00  not  used 
1101  not  used 

1110  not  used 

1111  set  all  functions  off 

7-6  2  bit  field  to  -determine  which  register 

is  loaded  with  bits  21-29 
00  not  used 
01  set  air  pressure 
10  set  high  speed  motor  register 

II  clear  all  above  register 

9  load  hand  pressure  register  flag 

10  set  slow  wrist  if  wrist  busy 

11  start  timer 

12  move  -z 

13  move  -y 

14  turn  off  hand  solenoid 

15  open  jaw 

16  move  -w  if  not  slow  wrist 

17  move  -x 

21-29  8  bit  data  field  for  _ 

air  pressure  register 


i 

s 


J 

j 

s 

s 

s 

s 

s 

s 

s 
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30 

31 

32 

33 

34 

35 


high  speed  motor  register 
hand  pressure  register 
depending  on  bits  7  >8  or  9 
move  +z 
move  +y 

turn  on  hand  solenoid 
close  jaw 

move  +w  if  not  slow  wrist 
move  +x 


s 

s 

s 

s 

s 

s 


CONO  control  bits 


18-26 


27 

28 

29 

30 

31 

32 

33-35 


load  "page  register" 

(these  bits  specify  the  upper  9  bits 
of  the  address  to  which  interrupts  will 
vector) 

clear  "change  interrupt" 
clear  "slow  wrist  and  wrist  busy 
clear  "time  interrupt" 
clear  "time  enable" 

(enable  timer  interrupts) 
set  "time  enable" 

set  "time  interrupt"  if  "time  enable 
and  timer  not  running 
load  PI  channel 


s 

s 

s 

c 


CONO  bits 


0  slow  wrist  flip  flop 

1  jaw  open 

2  finger  1  touching 

3  finger  2  touching 

4  not  used 

5  jaw  closed 

6  hand  down  (soft) 

7  hand  down  (hard) 

8  extra  switch 

9  hand  code 

10  -2  limit  switch 

11  -y  limit  switch 

12  hand  locked 

15  hand  energized 

16  wrist  home 

17  -X  limit  switch 
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o.a)<T)(T)CXCLa)CiuQ-ocr  crcrcTfu 


27 

change  interrupt 

28 

wrist  busy 

29 

time  interrupt 

30 

+z  limit  switch 

31 

+y  limit  switch 

35 

+x  limit  switch 

notes : 

a:  set  by  DATAO  bit  10,  if  wrist  busy 
"change  interrupt"  is  also  set 
b:  the  first  jaw  switch  "on"  sets  interrupt 
c:  this  switch  sets  "interrupt"  when  it  changes  state 
d :  this  group  of  seven  switches  sets  "interrupt" 
when  the  first  switch  turns  "on" 
e:  no  interrupt 

i:  occurs  during  interrupt  sequence 
j:  occurs  during  CONO  CLR  or  DATAO  CLR  time 
s:  occurs  during  CONO  SET  or  DATAO  SET  time 
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MECHANICAL  DESIGN  AND  COMPUTER  CONFIGURATION  IN  THE 
COMPUTER-AIDED  MANIPUUTOR  CONTROL  PROBLEM 
By  Philippe  Coiffet^ ,  Jean  Vertut^,  and  Etienne  Dombre^ 

SUMMARY 


Use  of  a  computer-aided  manipulator  for  performing  a  given  task  impUes 
that  the  computer  keeps  in  memory  a  mathematical  model  of  the  manipulator  in 
order  to  perLdicallv  generate  control  signals.  Interesting  dynamical  per- 
formances^may  be  obtained  if  the  computer  works  very  rapidly  or  the  model  is 

simple  enough. 

Tl.e  algorithms  necessary  for  control  of  an  articulated  system  depend  on 
the  complexitv  of  its  dynamic  equations.  A  study  of  the  French  AEC-MA23 
manipulator  considers  the  effects  of  changes  in  the  mechanical  design  on  this 
relationship. 

For  a  given  control  algorithm,  methods  which  allow  one  to  propose  com¬ 
puter  configurations  able  to  generate  this  algorithm  are  also  presented. 

Time  minimiLtion.  memory  size  and  eventual  cost  are  taken  into  account.  . 

These  previous  elements  are  of  most  interest  in  the  design  of  new 
manipulators  since  they  would  lead  to  a  suboptimal  control  system  from  the 
standpoint  of  performance-cost  relationship. 


INTRODUCTION 


In  the  design  of  robots  which  are  not  provided  with  refined  algorithms 
of  an  artificial  intelligence  type,  manual  control  is  necessary  since  man 
has  to  interact  with  them  at  different  levels.  However,  the  purpose  is  to 
decrease  the  psychological  and  muscular  cost  to  the  human  operator  who  is 
required  until  the  robot  can  be  driven  without  the  help  of  man. 

Since  the  end  of  World  War  II,  the  evolution  of  manipulators  corrobo¬ 
rates  this  previous  trend:  since  Goertz'  sophisticated  mechanical  grasping 
device  manipulators  are  now  provided  with  electrical  servo-systems  and  are 
coupled  with  computers.  The  physical  duty  of  the  operator  has  then  been 
removed  and  now  becomes  more  psychological. 


^Laboratoire  d’Automatique  de  Montpellier 
34060  Montpellier,  Cedex,  France. 

^Centre  d’ Etudes  Nucleaires  de  Sac lay,  France. 

^ T abc'^'^’^oire  que  de  Montpellier.  France. 

Los  Amigos  Hospital,  Downey,  California. 


USTL,  Place  E-  Bataillon, 


Currently  at  Rancho 
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However,  these  improvements  have  been  done  in  an  empirical  manner  and 
it  appears  that  a  general  theory  of  robot  synthesis,  manipulators  especially, 
is  still  lacking. 

Our  purpose  in  what  follows  is  to  make  propositions  regarding  some 
aspects  of  the  synthesis  of  manipulators,  mainly  to  point  out  the  linkages 
between  the  mechanical  structures  and  different  methods  of  control,  as  well 
as  a  means  to  define  these  controls  according  to  a  cost-performance 
criterion.  A  French  manipulator,  the  MA-23,  designed  by  the  CEA-Saclay,  will 
be  put  forward  as  an  example  when  required. 


DIFFICULTIES  OF  THE  SYNTHESIS  PROBLEM 


A  manipulator  is  no  more  than  a  kind  of  sophisticated  tool.  Therefore, 
it  is  an  interface  between  man  and  tasks  to  be  performed.  In  order  to  sup¬ 
port  man,  this  interface  has  to  be  provided  with  helpful  characteristics 
such  as: 

-  versatility;  i.e.,  the  ability  to  perform  various  tasks 

-  adaptability;  i.e.,  the  ability  to  e.xecute  a  given  task  despite 
environmental  modifications 

The  major  problem  encountered  in  the  synthesis  of  a  manipulator  is  the 
definition  of  an  interface  when  the  two  systems  to  be  coupled  are  not  fully 
defined  (systems  which  are  evolutionary  and  interactive  with  the  interface). 

Fcr  this  reason  the  synthesis  is  generally  done  taking  into  account 
specifications  required  by  the  customer  (or  by  the  builder  who  has  made  a 
survey  of  some  specific  application).  There  are  three  steps: 

a)  Generation  of  a  mechanical  structure  which  will  execute  the 
specified  tasks 

b)  Setting  up  of  control  algorithms.  There  are  two  classes: 

(1)  Elementary  task  tjqje  algorithms;  i.e.,  those  which 
link  the  control  variables  to  the  variations  of  the 
manipulator  variables  (degrees  of  freedom,  applied 
forces ,  etc . ) 

(2)  Algorithms  of  strategy;  i.e.,  the  arrangement  of  the 
elementary  task  sequence  according  to  a  goal  and/or 
to  a  determined  criterion. 
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c)  Implementation  of  the  control  methods  which  makes  the  execution 
of  those  algorithms  possible. 

The  result,  that  is  to  say,  the  final  realization  is  intended  to  satisfy 
several  requirements  such  as: 

-  the  actual  execution  of  the  d^esired  tasks  under  the  desired  condi¬ 
tions. 

-  the  minimization  of  the  cost  of  realization  in  order  that  the 
manipulator  can  be  actually  used. 

This  cost -performance  criterion  is  present  in  all  the  steps  of  the  synthesis 
as  ivell  as  in  all  their  interconnections. 


INFLUENCE  OF  THE  MECHANICAL  STRUCTURE  ON  THE 
CONTROL  COST  IN  ELEMENTARY  TASK  TYPE  ALGORITHMS 


The  specifications  give  the  necessary  conditions  but  usually,  they  are 
not  sufficient  to  provide  a  unique  mechanical  structure.  Indeed,  the  pre¬ 
dicted  tasks  have  to  be  executed,  but  they  must  be  executed  under  certain 
constraints  and  the  simplification  of  the  control  algorithms  must  be  facili¬ 
tated.  (As  a  matter  of  fact,  the  simplification  is  connected  with  the  cost 
of  the  implementation  and,  therefore,  with  the  cost  of  the  manipulator.) 

The  MA-23  will  help  us  to  show  the  connection  between  structure  and 
complexity  of  the  algorithms.  The  MA-23  (references  1  and  2)  is  the  most 
recc-.*  of  a  series  of  telemanipulators  which  have  been  designed  by  the 
•'Cent.-e  d'Etudes  Nucl^aires"  in  Saclay  (France).  Manipulation  of  radio¬ 
active  elements  and  operations  in  hot  environments  were  the  first  goal.  The 
MA-23  possesses  6  degrees  of  freedom  shown  in  figure  1,  plus  the  closing 
up  of  the  terminal  device.  It  is  activated  by  electrical  torque-motors 
secured  on  the  fixed  frame  of  the  manipulator  (fig.  2).  The  transmissions 
and  reductions  are  performed  by  cable  systems  and  metallic  tape  systems. 
Gears  are  used  only  for  the  wrist.  The  benefit  of  metallic  tapes  with 
respect  to  gear  transmission  systems  is  to  reduce  markedly  static  friction 
and  backlash.  Moving  counterweights  enables  one  to  obtain  a  neutral 
equilibrium,  whatever  the  configuration  of  the  unloaded  manipulator.  Three 
patterns  of  load  are  available,  60,  100  and  250  Newtons  respectively. 
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Kinematic  Model  and  Position  Control  Coupling 


The  kinematic  modeling  consists  in  relating  the  generalized  variables 
0-  (or  degrees  of  freedom  of  the  manipulator)  to  the  coordinates  of  the 
different  lever  extremities,  especially  the  coordinates  of  the  terminal 
device  X..  These  coordinates  are  located  in  a  fixed  tridimensional  refer¬ 
ence  system,  related  to  the  manipulator  holding  frame.  Therefore,  the  motor 
control  voltage  is  related  to  the  previous  coordinates.  This  can  be  des¬ 
cribed  as  below: 


Motor 

A  fe 

Motor 

B  » 

Values  of 

Values  of  the  terminal 

Voltages 

Rotations 

0i 

device  coordinates 

(1) 

(2) 

(3) 

(4) 

The  system  can  be  position-controlled  if  the  terminal  device  coordi¬ 
nates  can  be  predicted  from  the  command  and  vice  versa  (since  generally, 
the  displacements  are  fixed  and  the  corresponding  command  is  generated). 

Therefore,  the  complexity  of  the  control  depends  on: 

a)  The  complexity  of  A,  B  and  C 

b)  The  fact  that  it  may  happen  that  A,  B  and  C  are 
not  reversible. 

The  connections  A  and  B  concern  the  means  of  control  to  implement  in 
order  to  enable  the  transformation  C  and  C*^.  Those  are  nothing  more  than 
the  kinematic  model  of  the  manipulator,  which  by  the  way,  has  to  be  simpli¬ 
fied  in  an  important  manner. 

The  complexity  of  the  kinematic  control  is  due  to  many  characteristics 
such  as : 

a)  The  number  of  degrees  of  freedom  (however,  the  minimal  number 
depends  on  the  t>'pe  of  tasks  to  be  performed.) 

b)  The  geometrical  complexity  of  the  manipulator  which  affects 
the  nature  of  the  transformation  formulas  between  the  fixed 
reference  system  and  the  generalized  variables. 

c)  The  minimal  number  of  variables  which  have  to  be  known  about 
the  terminal  device  in  order  to  elicit  clearly  the  actual 
values  of  the  generalized  variables.  This  is  the  problem  of 
the  manipulator  realizability . 
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rriSl4Lrn“r,:rir;ransrr«/into  »  te^ma.  device  coordinate 

svstem. 

The  jpiltabilltT  oi  the  iU-25,  th«  i3^-  say  the 
"rrkno”,  irlt'^thrcoordinates  of  C  and  the  terminal  device  orientation  are 

known . 

in  other  words  “tS'Sn^rS 

feLSdf »  “thrSIotion  to  the  realizability  proble.. 


Kinematic  Model  and  Rate  Control  Coupling 


fnr  rate  control  consists  o£  relating  the  generalited 
variaML'fGrro'aSations  A9  and  AX  of  the  terminal  device  rather  than  to 
its  coordinates  (X). 


The  Jf® jS^cimd^SpeL^on^the^issue  of  realit- 

Therefore,  the  existenc  control  is  consequently  directly 

"’'iitS’to^^he'SpISi^v  of  the  position  control  but  the  problem  becomes 
rore*:«ro„'s lowering  the  existence  of  singularity. 


a  Singular  Point^correspon-is  -  »  5P-‘«53“;“fr"”aUy‘’' 
impossible  P“.8“  5?  theL  singlilarities  occur  in  confiprations 

rb\^:”rrf:erdS;th™^^^^ 

'and  Se'a?ioritto  ~srL  consequently  edified.  Therefore,  the  cost 

increases. 


ElL'd!  iriabfe^!!  Taf deSlir^thtf'c^LSSlThrampl^^  of  motion 

remain  significant. 
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D>'na!nic  Model  and  Dynamic  Control  Coupling 

The  equations  describing  the  manipulator  dynamics  h^e  to  account  for 
t-n  and  acceleration  of  each  generalized  variable.  They  are  then 
gSally  very  complicated.  For  the  MA-23,  the  set  of  equations  can  be 

written  as  follows: 


{A(i.j)  6  4C(i.j)  0^+2  B  (i.j.k)  0  0j^]=Q(i)+rg 

j=l  J  I 


Rri  i  k^  and  CfiJ)  coefficients  are,  for  the  most  part, 

The  A(1,J).  0.  of  the  inertias  and  the  masses 

functions  of  f geometry .  T^ey  are  not  explicitly  dependent 
of  the  -nipulator^nd  to  gravity  ^.d  are 

upon  time.  J"®  of  the  masses  of  the  system.  The  tem>s 

io?or-torques  which  act  about  the  different  degrees  of  freedom. 

Looking  for  a  command  consists  in  searching  the  Fq  to  be  applied  in 
order  that  the  manipulator  be  driven  with  the  required  Characteristics  and 
?ouL5ng  equations  (1).  Any  control  algorith.  refers  to  equations  (1) 
which  are  then  to  be  simplified  to  a  great  extent. 

the  case  of  the  't^^iLrdetiSf tKrf are 

S'1o"aS loTeras  for  BCU.k)  and  C(l,»  -hich  .cans  a  total  of 

?62  terms.  Most  of  them  need  several  lines  of  writing. 

To  decrease  the  cost  of  the  control,  the  e.xpression  of  "0.  has  to  be 
simplified.  The  solution  is  to  void  or  make  negligible  as  many  terms  or 
A,  B  or  C  as  possible. 

Three  possibilities  are  available: 

a)  The  general  theorems  of  the  theory  of  mechanics  with  which  it 
may  be  written  for  instance: 

ACi,  j)  =  ^Cj 

CCi,i)  =0  etc  .  .  . 

hi  The  mechanical  structure  design  as  for  instance  the  cutting  out 
^  of  06  with  respect  to  the  other  angles,  the  parallelism  between 
certain  axis  of  rotation,  etc.  •  • 
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The  maximal  rates  admissible,  which  leads  one  to  neglect  some 
^  lenrS'Sral  force  terms  or  Corriolis'  force  terms.  This  point  can 
only  be  verified  by  simulation. 

Table  ^  gives  the  number  of  coefficients  which  can  be  neglected  by 

.i^pUficayions  specUlc  to  th. 

Tno?  g^Lyond  t  tespootlyely.  Equations  (1)  ate  written  as: 

f  6  ••  _  ^ 

X  ,  A  (i,  j)  9.  =  Q  (i)  +  J-  3 

Jj  = 1  J  i 

[i=  1.6 

(The  A(i.j)  coefficients  represent  a  symir.etrical  matri.x  with  6  zeros.  There 
are  only  15  different  terms  left.) 

Therefore  the  connection  between  control  cost  and  mechanical  structure 
w.c  hlerestablished.  Howover,  it  must  be  noticed  that  in  order  to  define  a 
has  bee  the  nrevious  simplifications  are  possible,  it  is  necessary 

Structure  on  which  the  p  P  cv*;tein  Fuithermore,  the  behavior  must 

to  ^  fo^Lveral^structures.  the  outcomes  of  mechanical  modifications 

be  simulated  for  ,  U  is  then  obvious  that  the 

writing  o/threquations  by  hand ’is  not  only  tedious  but  difficult  to  get 

through  without  any  mistake. 

This  is  the  reason  why  a  computer  program  has  been  prepared  ireference 
n  nlinl  Jhe  PU  language.  From  heuristic  data  on  a  tree-like  network, 

Ji^h  as  Lmber  of  levers,  nur.ber  of  degrees  of  freedom,  relation  order,  ete., 

the  program  yields  literally. 

*  the  different  coordinate  transformation  matrices 

*  the  coordinates  of  each  lever  end  point  in  a  fixed 
reference  system 

*  the  gravity  torques 

*  the  dynamic  coefficients  ACi.j),  B(i,j,k)  and  C(i.j) 

To  date  this  program  is  restricted  to  systems  with  only  rotational 
To  date,  tnis  p  g  translational  motions  is  in  progress), 

degrees  o.  freedom  (  360-65  to  give  the  results  corresponding 

the  MA  23^""AnotLr  computer  program,  making  use  of  the  standard  Runge- 
K«ta  .«ho^,  sS  "us  th^  uunl^ulator  behavior  fro.  the  results  of  the 

first  program. 

These  results  form  an  interesting  and  efficient  tool  for  the  determi¬ 
nation  of  a  structure  which  decreases  tne  control  cost. 
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INFLUr'’CE  OF  THE  MECHANICAL  STRUCTURE  ON  THE 
CONTROL  COST  IN  THE  STRATEGY  TYPE  ALGORITHMS 


Since  the  stratecv  tvne  aleorithms  use  a  sequence  of  elementary  task 
tvoe  aleorithms  accordine  to  a  eiven  criterion  of  execution  (reference  4), 
it  can  be  said  that  the  connection  between  mechanical  structure  and  strateev 
type  aleorithms  is  relatively  flexible.  The  connection  operates  only  if  the 
transducers  which  are  necessary  to  the  criterion  elaboration  introduce  a 
modification  of  the  structure  by  means  of  their  physical  presence.  For 
instance,  if  visual  information  is  desired,  the  TV  camera  which  could  be  nut 
on  a  light  lever  of  the  manipulator  would  modify  the  masses  and  inertias  in 
an  important  manner.  Likewise,  changes  in  the  shape  of  the  terminal  device 
would  be  necessary  if  a  sonar  was  supposed  to  be  set  up. 

Usually,  mechanical  structure  and  algorithm  are  supposed  to  be 
completely  unrelated.  With  this  hypothesis,  researchers  have  been  able  to 
propose  complex  artificial  intelligence  type  algorithms  but  they  are  not 
concerned  with  the  mechanical  structure  to  be  controlled.  Likewise,  the 
computer  which  is  supposed  to  generate  the  algorithms  is  seldom  specified. 
This.  then,  is  another  problem  from  the  standpoint  of  cost-performance 
criterion. 


IMPLEMENTATION  OF  A  CONTROL  ALGORITHM 


So  far.  we  have  discussed  the  specifications  required  for  a  mechanical 
structure  to  minimize  the  complexity  of  the  elementary  task  tvne  algorithm 
in  order  to  decrease  the  system  cost  (references  5  and  6) .  Those  algorithms 
being  established,  as  well  as  the  strategy  type  algorithms,  we  are  now  con¬ 
cerned  with  the  implementation  in  order  tliat  their  efficiency  and  their  cost 
be  oj '  mized. 

Practically  this  means  that  the  motions  of  the  manipulators  must  be  fast 
enough  (usually  with  a  rate  near  that  the  man  uses  to  carry  over  a  load)  but 
that  the  "computer”  and  the  manipulator  must  cost  about  the  same. 

The  hypotheses  of  references  7,  8  and  9  are  recalled  below. 

a)  The  algorithm  is  assumed  to  be  given  with  a  fixed 
mathematical  formulation 

b)  The  mathematical  methods  used  in  the  processing  (for  instance, 
to  get  the  inverse  matrix)  are  given 
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C)  The  computer  structure  is  given  as  well.  It  is,  at  the  present 
time,  a  multiprocessor  structure  with  unique  memory  (figure  3) 


The  oroblem  is  to  define  the  number  of  processors  to  be  used  and  the 
^  Tn<»morv  size  in  order  to  execute  the  algorithm  in  a  given 

timrcJhis  time  is  imposed  by  the  expected  performances  of  the  manipulator) . 


SKis'SofoL  node  to  another.  Computation  times  and  memory  sites  are 
associated  with  nodes  (figure  4) . 


.ru  nf  the  "critical  path  method"  (references  10,  11,  12 

The  applicatio  the  minimal  time  of  execution 

and  1j)  to  the  St  rfi^ient  resLrces  (number  of  processors  and  memory 

for  the  thirway,  it  is  possible  to  determine  an 

upper  limit  for  these  resources.  The  purpose  is  to  minimize  the  resources 
accounting  for  the  time  constraint. 


Two  algorithms  have  been  studied,  with  which  it  is  possible  to  minimize 
the  memory  size  when  the  number  of  processors  is  given. 


.  The  first  one  is  of  an  heuristic  type  and  the  distance  between 
its  solution  and  the  optimum  is  unknown. 


The  second  one  gives  the  optimum  but  all  the  possible  configu¬ 
rations  of  the  task  have  to  be  specified. 


,-•11  o  m»i-hr.rl  allowinc  one  to  obtain  the  configuration  which 
Final  y.  “  ‘““X™  (the  cost  is  defined  as  a  linear  function 

:‘f";;e:™.be?  of  p--- .“^Lra^nisreen;";^  a 

;S:srirev:La«.ranrs:;«atLnp?Sccd„te  (PSEP,  Creference  14). 


Docm-ii-fh  is  currently  in  progress  in  order  to  extend  the  hypothesis. 
Research  IS  curren  y  P  B  ^  processors,  from  the  standpoint 

The  “HSount.  Besides,  it  is  assuned  that  an 

:d"oru?g4  iut‘:;»  IccLs  ~ies.  such  as  dishs.  is  provided. 


Currently  in  progress  as  well,  is 
MA-23  with  microprocessors.  ^(To  date, 
type  of  computer  from  "Telemecanique 
by  a  disk  unit.) 


the  realization  of  the  control  of  the 
this  control  is  made  with  a  T-1600 
(France)  with  a  memory  size  extended 
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CONCLUSION 


The  present  robots  or  manipulators  used  in  industry  are  all  controlled 
in  a  kinematic  mode  and  without  adaptive  characteristics  (in  other  words, 
without  closed  loop  strategy  type  of  algorithms).  It  might  be  thought  that 
the  implementation  of  control  algorithms  in  the  dynamic  mode  and  of  adaptive 
algorithms  costs  too  much  if  the  efficiency  of  open  loop  controlled  robots 
is  considered.  However,  the  robots  are  supposed  to  perform  tasks  which  are 
mainly  those  bringing  out  the  versatility  and  the  adaptability  of  the  human 
operator  (assembly  tasks,  transfers  of  load,  etc.  .  .). 

The  research  presented  in  this  paper  is  a  contribution  to  the  synthesis 
of  modern  manipulators.  The  criteria  of  realistic  cost  and  of  performance 
of  the  system  are  emphasized. 
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Ranges  of  motion  and  lengths  of  the  different 
levers  for  the  MA-23  (see  Figure  1) 
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Table  I 


Table  of  simplifications  to  calculate  the  dynamic 
coefficients  of  the  MA-23  type  of  manipulator 


Dynamic 

'MnmVif'T  to 

Decrease  in  the  number  to  be 
evaluated 

Number  of 

Coefficients 

Remaining 

be  evaluated 

Due  to  iNumber 

General  Theorems 

rtf  fhe  Theory  of  n(n-  1)  =  15 

Mechanics  2 

21 

p 

11 

— ■  1 

Mechanical 

Design  6 

15 

Maximal  Rates 

Admissible  ^ 

15 

B... 

ijk 

n^(n-  1) 

2 

General  Theorems 

of  the  Theory  of  n(n-  1)  _  jg 

Mechanics  2 

75 

Mechanical  Disjunction 

Design  of  6^  =  35 

Parallel 
Axis  =11 

40 

29 

Minimal  Rates 

Admissible  29 

0 

c.. 

=  36 

General  Theorems 
of  the  Theory  of  n  =  6 
Mechanics 

30 

Mechanical 

Design  ^5 

15 

Maximal  Rates 

Admissible  15 

0 

Total 

n^  3n^ 

2 

=  162 

147 

15 

Total 


147 


15 


Captions 


Figure  I 


Figure 


Figure 


Figure 


;  Skeletal  of  the  MA-23 

and  are  zero  when  O  A.  B.C  and  D  are  in  the  OYZ  plane 

0  is  zero  when  the  terminal  device  is  in  an  orthogonal  plane 
^  with  respect  to  OYZ 

>•  ^  view  of  the  N/iA*23 

(1)  Motors 
(2i  Servo  -  Systems 
(3)  Cable  Reducers 
(4i  Counterweights 


3;  General  architecture  of  the  computer 

MC  =  central  memory 
p.  =  processors 

4:  Example  of  graph  associated  to  the  calculation  of  .wo 
commands  V  ^  and 

V,  =\/  sinS ,  +  sinS, 

111  ^ 

V  =  cosS^+^cos^ 

A  computation  time  and  a  memory  size  are  associated  to 
each  mode 
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Figure  Z 


A  PRELII-nilARY  EVALUATION  OF  MAI^lUAL  CONTROL  TASKS 

ASSOCIATED  THE  SPACE  SHUTTLE  REI40TE  MA['TIPULArOR  SYSTEI-P«- 

Lloyd  D.  Reid 

University  of  Toronto 
Institute  for  Aerospace  Studies 

SUl'U'ARY 


A  major  hardware  conponent  in  the  Space  Shuttle  cargo  handling  system 
is  a  large  (50'  long)  remote  manipulator  arm.  This  arm  is  eirmloyed  in  the 
zerc-g  space  environment  to  load  and  ’unload  cargo  while  in  orbit.  Due  to 
weight  restrictions  this  arm  must  be  of  light  construction  and  consequently 
care  must  be  taken  to  ensure  that  flexibility  induced  problems  do  not  arise 
while  it  is  under  the  control  of  human  operators. 

The  'purpose  of  the  present  project  was  to  perform  a  preliminary  inves¬ 
tigation  of  the  ability  of  human  operators  to  control  the  arm.  In  particular 
attention  was  focused  on  the  human's  ability  to  dang)  cut  structural  oscilla¬ 
tions  of  the  system.  This  was  achieved  by  irrmlementing  the  system  equations 
of  motion  on  an  analog  computer  and  ermloying  a  pictorial  display  on  a  CRT 
driven  by  a  digital  computer.  The  simulation  was  based  on  a  single-degree- 
of- freedom  model. 

Both  arm  stiffness  and  display  update  were  varied  in  order  to  assess 
their  inq^act  on  system  performance.  Phase  plane  plots  and  tracking  preci¬ 
sion  measures  were  obtained  as  part  of  the  study.  It  was  found  that  the 
system  was  best  controlled  by  a  form  of  open  loop  response  and  that  the 
structural  oscillations  could  be  successfully  damped  out. 


INTRODUCTION 


At  the  present  time  a  group  of  Canadian  firms  is  developing  a  Remote 
I4anipulator  System  (?1!S)  for  the  space  shuttle.  This  arm  will  be  used  to 
move  payloads  into  and  out  of  the  cargo  hold.  It  is  approximately  15.2m 
(50  ft.)  in  length  :>rith  a  shoidd^  ‘  joint,  elbow  joint,  ;^rist  joint,  and 
end  effector.  One  mode  of  operation  involves  three  a:-;es  rate  control  by 
a  human  operator  v;hile  viewing  the  am  either  directly  out  a  window  or  on  a 
closed- circuit  TV  monitor. 

In  order  to  minimize  the  system  weight  design  trade-offs  must  be  made 
against  arm  rigidity.  This  in  turn  can  lead  to  significant  structural 

*Work  awarded  to  SPAR  Aerospace  Products  Ltd.  by  the  National  Research  Co^un- 
cil  of  Canada,  contract  file  31U53-'5-385  • 


624 


,,-nen  the  svsten  is  operated.  The  present  study  ;v as  intended  to 
^  of  V'UEan  orerators  to  damp  cut  scructural  oscilla- 

was'"ihe  evaluation  of  the  influence  cf  conpucer  induced  tir.e 
delays^lnd^display  update  lags  in  order  to  assess  :heir  iirocrtance  in  future 

RI-S  sinulacions . 

CVS?J\LL  SYSTE-I  DESCRIPTIOK 

The  -ask  to  he  sin'lLated  was  a  simplified  single-degree-of-freeaon 
The  .asK  .0^0-  ^  lahoratcry  was  proviaea  witn  tne 

Ix^^SiaU  eourtlcns  of  mrtlon  at  che  start  of  the  project.  T^se  described 
'"--t  The  huran  o-cerator  s  tasK  .-^as  ow  ^aro  o^z  ve*- 

tiS^oJcl'Utior.s  (Llli-re  W  »-«  scac-  shuttle  Dear  axes)  ;f  a  29,030  ks 
(taion)  tWlaai  «  of  a  15.2m  (50  ft.)  fles.iDxe  arm. 

Working  in  from  the  payload,  =he  simulated  system  consists  of: 

(1)  T^e  -5.2n  (50  ft.)  arm,  described  by  its  first  mode  of_oscillacion  (the 

^  c’^.til^v--  mode) .  A:-m  stiffness  values  employe!  rastgea  r.rom  0^57  to 

^'f'7  mm  deflection  ter  lieuton  force  applied  at  tne  tip.  3uruc.,a-cU. 
d^ing  rltics  employed  ranged  from  Iv)  to  2.4^;. 

(’0^  TbP  should’-'-  joint  servo  generates  a  relative  angle  7  oetween  tne  root 

(2)  f  ftottla  horizohtal  tody  axis.  ?his  sarro 

^s'ra-;s  lirltid  and  torsh,  llmitad  such  that  t.ts  .-.omiaai  mataehr. 

a^e-tical  speed  is  less  than  7.o  cn/s  (.r.egxecting  3>.ructu.rai. 
oscillations)  and  the  nominal  maccimun  tip  force  thac^^can  be  applie,.  to 
a  cayload  by  the  shoulder  joint  ser-/o  system  -s  ic.9  - • 

(!')  The  srace  shuttle  was  free  to  roll  and  translate 

ac^es  niane.  An  automatic  roll  ttituae  control  system  .'.as  c_^l 
^t1e4;^-c  maintain  9  =  0  referenced  to  an  inertial  frame.  Trns 
involved  a  rather  limited  pulsing  rocket  thruster. 


VISUAL  DISPLAY 


The  -/isual  iispla-  etmloyed  was  a  mini-computer  generated  simulation 
p  o  c-incp.-i  -'drc'cit  V  isiori  monitor.  It  depictea  a  3  i  •••  . v...ua-,si-j.^ 

uayload  on  the  end  of  a  15 .2m  arm  (see  Fig.  2).  For  the  s^le  task  stu^e 
hSeTc^ose-up  oioture  of  the  payload  was  ermloyea.  The  inverted/  is  a 
screen  fixed  reference  mark  (see  Fig.  3).  The  display  -^^generatea  by  a 
high-speed  digital- to- analog  converter  and  is  oases*  on  a  .  5 

presentation  on  a  20  x  23  cm  screen. 
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HARDWARE 


The  system  equations  of  motion  '.ere  progrsjar-ed  on  a  TR-U8  analog 
.  *  '  visual  disTolay  generated  by  an  KP  2100  mni-comuter . 


TASK  DETAILS 


Tn  the  -^resent  study  the  payload  was  assumed  to  he  already  attacneu  to 
th.  eid  S  a.rim  -.itl.  the  arm  neaed  ahd  at  reat  The  task  oesars  -sita 
the  release  of  the  system  from  these  initial  conditions. 

The  n’-'-ary  recoroiag  device  employed  uas  an  X-Y  plotter.  Tms  •.•;as 
..M  4ase  pllne  plots  of  payload  vertical  speed  vs.  payloaa 

vertical  position  (positive  upwards)  (see  Fi©.  4).  his  ^-^u-  ie...i  s 
h,t-p  nf  t'^-se  p’^as®  plane  plots  when  no  human  control  is  p.  .n-.  Ii- 
^S^that  t^e  ovl“all  system' behaves  much  like  a  second  order  system  cespi.e 
seen  that  ^ieg,  m  this  Plot  the  time  in  seconds  following 

SstS'Sllse  is  indicated  by  the  flagged  numbers  located  at  the  horizontal 
axis  crossings. 

The  overall  system  period  and  dapping  ratio  as  J=easured  from  phase 
Tanp  -niots  have  been  used  to  identify  the  various  cases  in  F15.  ro^ 
4?'^'!4nf  ^4tems  have  been  studied  and  m.o  different  display  upaate  rates 
1  t,-u„  =ub1ects  we^e  selected  from  a  grotro  of  0  volunteers  on  t.ne 

Sirof-go;?pSoS2cr;:  Le  present  task.  A  total  of  272  final  ror.s 

were  analyzed. 

As  ca.-  be  seen  in  Fig.  5,  the  system's  period  of  oscillation  was  quite^ 
lone  and  damcine  modest.  As  a  result  it  was  io-c.na  tnat  .n  or^er  xor^v... 
iuSeSs  tc”dW  ou^  the  oscillation  an  intermittent  form  of  control  activity 
was^ required.  Attempts  at  continuous  closed-loop  control  on  t..e  p^rt  of  .... 
subjects  almost  always  led  to  an  instability. 

Figure  6  can  be  used  to  illustrate  the  problem.  Here  all  the^elastic 
^  j-i-p  „yw»  are  concentrated  in  a  soring  at  its  root,  ^ne  num^.. 
opSatS  is  assumed  to  control  the  angle  7  through  the  integrated  effects  of 
his  rate  ccrmand  inputs.  Structural  damping  is  absent. 

In  order  to  damp  out  the  structural  oscillation  of  this  system  t.ne 
^  in  the  elastic  deflection  of  the  spring  and  the  motion  of 

thrSyload^st  he  dissipated.  When  the  system  is  released  from  position 
n)  energy  is  contained  in  the  spring.  By  the  time  the  payloaa 

iiLS‘tSou^h  Z  =  0  (provided  that  7  still  is  zero)  all  the  energy  resiaes 
^  Itl  enersrv  of  the  payload.  Atterpting  to  oppose  this  mocion  is 

not  vJr^^t'fective  gcause  this  tends  to  sixply  shift_  the  energy 
oscillation  from  Kinetic  energy  to' strain  energy  01  i.ne  — e 


V7ay  to  dissipate  the  energy  is  to  rapidly  release  the  spring  by  appropriate 
control  over  7  at  some  point  where  Z  =  0. 

In  addition,  since  we  •.ri.sh  xo  bring  the  payload  to  rest  at  Z  =  0  the 
net  chcUige  in  7  during  these  operations  must  also  be  zero.  A  possible 
sequence  to  achieve  this  is  to  release  half  the  strain  energy  at  (l)  by 
commanding  down  7  and  half  at  (2)  by  commanding  up  7.  Ilote  that  in  order  to 
release  strain  energy  from  the  spring  up  control  is  applied  when  the  deflec¬ 
tion  is  upv;ard,  etc. 

This  approach  can  be  applied  to  the  present  system.  Typical  resents 
are  sho'/m  in  the  plot  of  the  elastic  deflection  of  the  arm  tip  in  Fig.  7. 

The  'uouer  trace  shows  the  response  following  the  release  from  an  iroLtial 
downw^d  dei'lection  when  no  control  is  applied.  The  middle  orace  shows  the 
effect  of  up  command  when  the  dex'lection  is  still  dovmward.  The  box  tom 
trace  shews*  the  influence  of  applying  up  command  at  the  upward  deflection 
peak  in  the  cycle. 


KLT'IAJI  OPEPATCR  COITHROL 


The  actual  control  technique  adopted  by  the  subjects  was  similar  to 
that  outlined  above.  They  were  instructed  to  danp  ov'*-  the  structural 
oscillation  which  resulted  when  the  arm  plus  payload  was  released  from  an 
initial  deflection  and  to  bring  the  payload  to  rest  at  the  centre  of  the 
display  (marked  by  the  inverted  V  symbol).  The  latter  corresponds  to  7  =  0. 
The* task  was  allowed  to  run  for  2  min. 

Figure  3  illustrates  the  control  acti^rLty  of  our  best  subject.  He 
eiriDloyed  sxrain  energy  relieving  commands  at  the  peak  deflections  and 
generally  followed  an  ijp  command  by  a  down  in  order  to  maintain  7  near  zero. 
The  latter  technique  was  necessary  because  the  simulated  system  gives  the 
operator  no  indication  of  the  arm  root  angle  7.  Thus  wii:h  raxe  command 
system  he  must  keep  track  of  the  integrated  effect  of  his  inputs  to  the 
system  in  order  to  bring  the  payload  to  rest  at  7  =  0. 

Figure  9  illustrates  an  actual  phase  plane  plot  for  the  system  -juider 
human  control.  It  was  found  that  quite  effective  control  could  be  eicercised 
over  the  system  eifter  a  reasonable  period  of  training  (S  hrs).  The  rectan¬ 
gle  dravm  around  the  origin  represents  an  artificial  target  zone  used  to 
assess  the  time  taken  to  achieve  effective  control  over  the  system.  Its 
dimensions  are  Z  =  ±  1^  cm  and  Z  =  ±  1  cm  per  sec.  The  time  taken  to  enter 
this  zone  of  the  phase  plane  was  termed  "time  to  capture".  (iTote  that  the 
distlay  resolution  represents  6  cm  full  scale  ;-rith  the  present  configuration) 


EXPEHBlEirrAL  !'1EASU?.E!'EI7:3 


Perforiiiance  was  judged  by  the  residuax  energy  in  tne  structural  o.scilla- 
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Unn  at  the  end  of  2  min.  of  hviman  control  and  by  the  final  value  of  7  (see 
HZ  S)  tS  r^idual  energy  v,as  indicated  by  the  peaj-to-peaj.  a^lx  ude 
itr-uctural  oscillation  and  the  final  value  of  7  by  I?*!  steady  state. 
The  time  to  captu.e  vias  also  recorded.  Only  the  detailed  results  for  the 
runs  performed  by  the  group  of  4  subjects  are  presented  here. 

An  analysis  of  variance  performed  on  the  data  indicated  that  subject  _ 
and  sWfSess  effects  were  significant  at  the  level  while  update  interval 
effects  were  not.  This  applied  to  all  three  sets  of  data. 


CONCLUSIONS 


The  following  conclusions  are  based  on  the  results  for  the  systems  vri.th 
periods  of  oscillation  of  27  and  51  sec. 


Flex'’'bility  is  more  inportant  than  display  update  rate  in  determining 
^  ^  systir.  performance.  Stiffen  arms  result  in  better  performance. 


(2)  Update  rates  (along  ^ri-th  system  time  delays)  of  up  to  2  sec.  have  n  . 
significant  influence  on  the  performance  measures  eiroloyed  in  this 

study. 


(3)  Peri'crmance  in  some  cases  approached  the  resolution  limit  of  the  display. 


(4)  The  tasks  performed  were  ciuite  conplex  in  nature  ^d  the  ini^yidual 
subjects  shov;ed  significant  interaction  effects  with  flexibility. 


(5)  An  indication  to  the  human  operator  of  shoulder  joint  position  would 
probably  have  sirplifisd  the  tasks  considerably. 

The  results  for  the  systems  with  periods  of  oscillation  of  11  and  ^2 
sec  wer«  too  limited  to  allow  the  formation  'f  firm  conclusions.  However, 
it  appeared  that  the  stiffen  arm  was  marginaUy  better  ana  that  increasea 
display  update  intervals  tended  to  cause  poorer  performance. 
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MODELING  A  MANIPULATION  TASK  OF  VARIABLE  DIFFICULTY 


John  W.  Hill 
Stephen  J.  Matthews 

Stanford  Research  Institute 


SUM>URY 


In  this  paper  we  describe  a  manipulation  experiment  of  variable  diffi¬ 
cult^  ca-toied  out  with  an  Ames^a^'ioulaeor,  Rancho  manipulator,  and  the-un-  . 
‘encumbered  human  hand.  The  difficulty  of  the  task  is  changed  not  by  varying 
the  precision  in  the  usual  manner  but  by  varying  the  number  of  degrees  of 
freedom  (or  constraints)  of  a  fitting  operation.  The  goal  of  this  work  .s 
CO  model  human  performance  with  real-world  tasks. 

The  preliminary  model  developed  to  describe  the  experimental  results  re¬ 
quires  that  the  tasks  be  broken  down  into  consecutive  phases  or  therbUgs 
similar  to  the  units  used  in  industrial  time  and  motion  analyses.  This  model 
has  several  advantages  over  the  information-theory  model  (Fitts  law)  pro¬ 
posed  in  reference  1.  For  example,  the  index  of  difficulty  for  nonprec^se 
Lsks  is  zero.  In  Fitts'  approach,  the  index  of  difficulty  for  such  tasks 
remains  large,  and  his  original  model  cannot  be  easily  extended  to  predict 
Che  manipulator  results  from  the  hand  results  as  can  the  consecutive-pnases 
model.  We  also  develop  an  explanation  for  the  failure  of  ntts  law  in  high- 
precision  casks  where  the  task  time  increases  abruptly  as  the  precision  ex¬ 
ceeds  a  certain  limit. 


INTRODUCTION 


Previous  experiments  have  examined  manipulation  tasks  such  as  placing  a 
peg  in  a  hole  where  the  difficulty  was  controlled  by  the  precision  of  fit 
References  1  through  6).  In  this  study,  we  describe  a  manipulation  Cask 
where  the  difficulty  is  controlled  by  varying  the  degrees  of  freedom;  the 
translational  and  rotational  degrees  of  freedom  of  the  task  are  cons traine 
one  by  one,  and  the  real-time  trajectories  are  recorded  and  analyzed.  The 
constraints  will  be  measured  as  degrees  of  constraint  (DOC)  after  the  system 
introduced  in  reference  7.  As  the  number  of  degrees  of  freedom  are  reduced 
the  DOCS  increase  from  0  to  6.  This  approach  allows  us  to  extend  the  results 
of  the  previous  laboratory  studies  to  real-world  tasks  which  seldom  fit  the 

posRioning  and  peg- in-hole  tasks  often  used. 
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Fitts  has  shown  that  the  cosipletion  time  for  a  number  of  different  tasks 
is  proportional  to  the  task  difficulty  expressed  in  bits, 

movement  time  =  a  +  b  (index  of  difficulty).  d) 


Thi^  relation  is  cotmnonly  referred  to  as  litts'  law.  Neither  intercept  a  nor 
slope  b  are  the  same,  however,  for  a  complex  task,  such  as  placing  a  peg  in  a 
hole,  or  for  a  simple  task,  such  as  touching  the  inside  of  a  rectangular  bar 
with  a  pencil  point.  These  constants  also  change  by  a  large  amount  (10  to  1) 
with  different  manipulators. 

The  usefulness  of  Fitts’  law  in  describing  actual  manipulation  data  is 
limited  to  a  moderate  range  of  difficulties,  between  5  and  10  bits.  When 
difficulties  are  less  than  5  bits,  time  is  required  for  the  trajectory  and 
does  not  go  to  0  with  zero  difficulty.  An  offset,  proposed  in  reference  3, 
assLs  tLt  the  subject  is  aiming  for  the  far  side  of  the  target 
at  the  center.  Another  failure  is  with  very  precise  tasks  having  diffic  1 
ties  greater  than  10  bits;  here,  time  increases  disproportionately  as  the 
difficulty  is  increased.  After  a  point,  such  tasks  take  so  long  that  they 
effectively  cannot  be  dene. 

Another  problem  with  Fitts'  law  is  in  calculating  the  index  of  difficulty 
(I^)  of  the  task.  For  example,  consider  Task  A  in  figure  1.  The  difficulty 
L  touching  the  inside  of  a  rectangle  of  height  H  and  width  W,  from  distance 
d,  with  a  pointed  tool  is  (reference  1) 


Id  =  1082  (f 


(2) 


The  question  is  to  determine  how  the  difficulty  changes  as  the  height  of  the 
rectangle  is  decreased  (Task  B  in  figure  1).  If  movements  on  the  two  axes 
are  independent,  the  difficulties  could  be  summed  on  the  two  axes.  In  Task  3, 
this  leads  to  the  solution. 


Id  =  I°g2 


(3) 


The  0  I'n  the  numerator  of  the  second  term  is  the  distance  on 
axis  corresponding  to  d  on  the  horir.on*-^1  of  the  ra.ck. 


the  vertical 
The  second. term 
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FIGURE  1  TWO  SIMPLIFIED  TASKS 


evaluates  to  minus  infinity,  and  it  is  impossible  to  assign  a  physical  mean- 
ing  to  this  result. 

This  example  is  just  a  simple  case  showing  the  diffLCulties  that  arise 
when  we  try  to  apply  Fitts'  approach  to  fitting  real  objects  together.  If 
the  tool  in  the  abovrex^ample  were  not  a  point  but  a  rectangular  bar  (rigure 
21  the  task  would  be  even  more  difficult  to  quantize.  To  enter  the  hole, 
not  only  must  the  tolerances  on  the  x-  and  y-axes  be  within  the  tolerances 
(W-w'  an<i'  (11-h) ,  but  the  rotational  orientation  around  the  z-axis  must  be 
within  certain  limits.  These  limits  are  described  by  the  three-dimensional 
volume  illustrated  in  figure  3.  Outside  these  limits,  the  block  wUl  not 

enter. 

Furthermore,  if  the  block  is  to  descend  into  the  hole,  tolerances  on  the 
two  additional  angles  (3^  and  3^  defined  in  figure  2)  must  also  be  within 
certain  limits.  If  the  receptable  or  the  manipulator  have  adequate  compli¬ 
ance  the  object  need  only  be  inserted  into  the  hole;  the  full  insertion 
will'be  no  more  difficult  than  the  entry.  If,  however,  the  receptacle  and 
manipulator  are  rigid,  the  9^  and  tolerances  will  increase  the  difficulty 
of  the  insertion  task. 
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FIGURE  3  ENTRANCE  VOLUME 

The  parallelepiped  describes  the  coordinates  of  the  Jaase  of  a 
rectangular  block  permitting  entrance  into  a  rectangular  hole. 
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■  We  know  intuitively  that,  even  when  the  tolerances  are  the  same,  insert¬ 
ing  a  bar  into  a  hole  will  be  more  difficult  than  inserting  a  pencil  point, 
but  it  is  not  easy  to  extend  the  formulation  used  in  reference  1  to  such  a 
realistic  case.  In  figure  2,  only  motion  along  the  x-axis  contributes  a  fin¬ 
ite  difficulty;  alignments  on  the  other  four  axes  require  no  motion  and  all 
evaluate  to  minus  infinitv.  We  could  begin  immediately  to  speculate  about 
different  means  for  measuring  the  difficulty  of  such  real-life  tasks;  however 
we  have  decided  to  conduct  a  practical  experiment  to  obtain  a  data  base  to 
test  such  hypotheses.  The  experiment  requires  the  fitting  of  a  tool  into  a 
receptacle  where  the  DOCs  of  the  task  are  increased  one  by  one. 


MULTIPLE  DEGREES  OF  CONSTRAINT  EXPERIMENT 

Our  experiment  was  performed  with  a  multiple-DOC  task  board.  The  task 
consisted  of  moving  a  previously  grasped  tool  to  a  given  receptacle  and  in¬ 
serting  it  into  the  receptacle.  Tool  trajectories  were  recorded  on  magnetic 
tapes  as  a  function  of  time,  using  the  minicomputer-based  data-acquisition 
system  described  in  reference  8.  The  variables  of  interest  were  generated  by 
off-line  computer  an.ilysis  of  these  data  tapes. 


Apparatus 

The  TTiul tiple-DOC  task  board  is  shown  in  figure  4.  Initially,  a  tool  was 
held  over  the  liftoff  switch  so  chat  the  switch  was  depressed  until  the  ex- 
perirenter  signaled  "go.”  The  cool  was  Chen  moved  to  Che  specified  recepta¬ 
cle  on  Che  left  portion  of  the  cask  board  and  was  inserted.  The  matching  of 
receptacles  and  cools  for  Che  six  casks  is  illustrated  in  figure  5.  In  the 
O-DOC  and  1-DOC  casks,  a  microswitch  signaled  the  completion  of  the  task  by 
lighting  a  lamp.  In  the  other  tasks,  a  linear  potentiometer  measured  prog¬ 
ress  into  the  hole  and  triggered  Che  lamp  after  a  certain  distance  (38.1  mm) 
was  r>2ached. 

Based  on  the  dimensions  of  the  tools  and  receptacles,  the  tolerances  for 
each  of  Che  six  placement  tasks  (O-DOC  to  5-DOC)  are  Usted  in  table  1.  Tol¬ 
erances  are  the  total  translational  or  rotational  motion  on  each  axis,  as 
indicated  by  the  dimension  (W-w)  in  figure  2  or  twice  the  critical  distances 
in  figure  3.  In  table  2,  the  total  distances  moved  are  those  traversed  by 
Che  end  point  of  the  manipulator,  not  the  end  point  of  the  tool.  When  the 
Rancho  arm  was  used,  the  initial  angles  (e^i  and  in  figure  4)  were  -20°  and 

0°,  respectively;  for  the  Ames  arm,  they  were  10°  and  -30  .  These  angles 
were  chosen  for  convenience  in  holding  the  tools  over  the  liftoff  switch. 
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O-DOC  TASK 


1-DOC  TASK 


o 


4-DOC  TASK  5-DOC  TASK 
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FIGURE  5  FITTING  TOOLS  INTO  SPECIAL  HOLE 
Arrows  indicate  free  angular  alignments. 


Table  1 


TOLERANCES  OF  THE  MULTIPLE 

degrees  of  constraint  task  board 


BASIC  DISTANCES  AND  ANGLES  MOVED  IN  THE  DOC  TASnS 
(distances  in  xm;  angles  in  degrees) 


Task 

Y 

V 

Z 

Straight-Line 

Distance 

“x 

"y 

O-DOC 

1- DOC 

2 - DOC 

3 - DOC 

4 - DOC 

5 - DOC 

322 

319 

319 

319 

319 

319 

48 

-10 
-59  ' 
-59 
-59 
-59 

-373 

-373 

-373 

-373 

-373 

-373 

495 

490 

494  >  ! 

494 

494 

494 

0 

0 

0 

0 

0 

0 

90 

90 
90  ' 
9.Q 
90 

90 

0 

0 

0 

0 

0 

0 

Procedure 


in  this  experiment  were  the  Rancho  arm 
ha»d.  T.o  suM,ccs  ..rdcipa^d  Id  an 

parts  of  the  experiment. 


I 

\  ! 


the  different  DOC  tasks  was  randomized  for  each  run.  Several  practice  trials 
were  performed  prior  to  data  collection.  The  subject  and  experimenter  ex¬ 
changed  roles  to  provide  rest  periods.  Continuous  operation  was  limited  to 
less  than  30  minutes  without  rest. 

Contour  pads  fitted  to  the  manipulator  jaws  (on  both  the  Rancho  and 
Ames  arms)  ensured  proper  tool  location  in  the  jaws.  The  pads  also  served 
to  eliminate  any  possible  slipping  of  the  tools  in  the  jaws  during  final 
positioning . 


Results 


•  Th^mean  times  fSr  the  two  Subjects'  diiring  ten  repetitions  of  the  tasks* 
are  plotted  in  figure  6.  The  results  obtained  from  the  two  manipulators  and 
the  hand  indicates  general  increase  in  the  task  time  as  the  constraints  of 
the  task  are  increased.  The  task  times  with  the  human  hand  and  Ames  manip¬ 
ulator  were  particularly  linear  with  the  number  of  DOCsj  the  linear  trend 
accounted  for  at  least  95  percent  of  the  variance,  and  the  nonlinear  compo¬ 
nents  were  not  statistically  significant.  The  task  times  with  the  Rancho 
manipulator  was  not  linear,  and  the  cubic  or  S-shaped  component  was  statis¬ 
tically  significant  [F(1,90)  =  5.25,  p  <  0.05j.  Completion  times  for  the 
tasks  varied  greatly  among  the  manipulators;  the  Ames  was  approximately  four 
times  slower  and  the  Rancho  was  approximately  20  times  slower  than  the  hand. 

The  normalized  task  times  plotted  in  figure  7  were  obtained  by  dividing 
each  time  by  the  time  for  the  O-DOC  task.  The  resulting  spread  between  the 
three  manipulators  indicates  that  this  simple  scaling  does  not  account  for 
the  differences  observed;  in  particular,  as  the  rotational  constraints  of  the 
3-DOC  and  4-DOC  tasks  are  added,  a  disproportionately  longer  time  is  required 
compared  to  the  simpler  tasks.  In  other  words,  the  DOC  measure  does  not 
produce  an  index  of  difficulty  that  satisfactorily  unifies  the  human  and 
manipulation  results. 


BREAKDOra  INTO  SUBTASKS 


We  wish  to  determine  whether  there  is  a  natural  breakdown  of  the  manip¬ 
ulation  tasks  into  the  therbligs  traditionally  used  in  time  and  motion 
studies  (reference  8).  The  therbligs  for  this  task  are  transport  loaded  and 
position.  The  first  therblig  describes  the  motion  between  the  liftoff  switch 
and  a  close  proximity  to  the  hold,  and  the  second  indicates  the  alignment  or 
orientation  of  tne  tool  to  the  receptacle. 
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figure  6  COMPARISON  OF  THE  THREE  MANIPULATORS 
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DEGREES  OF  CONSTRAINT 
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"FIGURE  7  NORMALIZED  RESULTS  OF  THE 
THREE  MANIPULATORS 

Using  the  digitized  trajectories  recorded  on  magnetic  tape,  the  x,  y, 
and  z  coordinates  of  the  tool  at  the  first  contact  with  the  hole  were  ob¬ 
tained.  By  comparing  x,  y,  and  z  coordinates  measured  at  previous  points  on 
the  trajectory,  the  times  to  a  given  distance  from  the  contact  position  were 
obtained.  Times  from  two  intermediate  distances  from  the  receptacle  to  the 
end  of  the  trajectory  are  plotted  in  figure  8  for  the  three  manipulators  of 
the  experiment. 

Time  for  the  first  part  of  the  trajectories  from  liftoff  to  a  distance 
of  25  or  50  mm  from  Che  hole  (corresponding  to  the  transport  therblig)  is 
relatively  independent  of  the  DOCs.  This  is  evidenced  by  the  nearly 


contact  point. 


horizontal  lines  in  the  lower  part  of  the  figure.  For  the  human  hand,  these 
results  are  horizontal;  however,  for  the  two  manipulators,  there  is  a  slight 
upward  slope  which  indicates  a  more  conservative  strategy  as  the  DOCs  in¬ 
crease.  These  results  are  similar  to  those  described  in  references  2  and  5 
where  the  transport  times  were  found  to  be  independent  of  task  difficulty. 
The  second  phase  of  the  trajectories,  between  25  to  50  mm  of  the  receptacle 
to  full  insertion  (corresponding  to  the  position  therblig),  depends  greatly 
on  the  DOCs. 

There  are  several  major  differences  between  the  unencumbered -hand  and 
manipulator  therbligs.  For  both  manipulators,  the  transport  time  (time  to 
25  mm  of  first  contact)  increases  approximately  10  percent  per  DOC  instead 
of  remaining  constant  as  it  does  for  the  human  hand.  The  position  therblig 
for^  the  manipukitors  is -more' time-consuming,  than  that  for  the  hand,  •  ^ 


MODELING  EXPERIMENTAL  PXSULTS 


The  DOC  measure  does  not  take  into  account  the  tolerance  of  the  task. 

In  a  task  with  a  fixed  number  of  DOCs,  time  is  proportional  to  an  index  of 
difficulty.  In  many  tasks,  this  takes  the  logarithmic  form  previously  given 
in  equation  2.  The  problem  here  is  to  extend  the  approach  originated  in 
reference  1  and  subsequently  used  by  others  to  realistic  tasks  with  con¬ 
straints  on  several  axes. 

Using  an  informat  ion- theory  approach,  Fitts  proposed  that  the  decrease 
in  uncertainty  of  the  task  be  calculated  by  subtracting  the  uncertainty  of 
the  final  position  from  the  uncertainty  of  the  initial  position.  For  these 
uncertainties,  he  used 


H-/  .  =  log  Ax 

final  2 


initial  =  2’'-- 


w 


(5) 


and  the  resulting  difficulty  index  is 


H.  .  .  1  -  H..  =  log 

initial  final  2 


2x 

.Ax. 


(6) 


In  this  case,  the  initial  uncertainty  of  the  object  is  twice  the  reach  dis¬ 
tance,  and  Fitts'  formulation  inherently  assumes  that  the  initial  position  of 
the  object  is  uniformly  distributed  between  +x  and  -x  from  the  final  position. 
This  approach  is  incorrect  because,  in  most  cases,  the  initial  position  is 
well  known.  For  example,  if  the  object  is  held  in  a  fixture,  all  its  coor¬ 
dinates  and  angles  are  known  exactly  and  its  initial  uncertainty  is  zero. 

A  new  approach  to  the  analysis  of  the  task  combines  the  results  of  the 
time  and  motion  studies  and  the  information-theor\’  approach.  We  assume  that 
the  motion  is  composed  of  two  parts,  an  initial  but  uncertain  open-loop  tra¬ 
jectory  between  the  initial  and  final  positions,  followed  by  a  corrective¬ 
positioning  motion.  This  approach  is  supported  by  references  2  and  6  in 
which  it  was  o^bserved  that,  in  the  first  .part  of  the  manipulation,  tasks,  the 
trajectory  time  from  ii^itial  to  final  position  is  independent  of  task  dif¬ 
ficulty.  All  variability  in  the  task  time  with  difficulty  must  occur  in  the 
final  positioning  phase. 

To  determine  the  feasibility  of  this  two-phase  model,  we  conducted  a 
Simple  experiment,  using  the  same  unencumbered  hand  and  the  .4mes  and  Rancho 
manipulators.  The  standard  deviation  of  the  open-loop  positioning  error  was 
measured  by  having  two  subjects  make  20  moves  each  from  a  fixed  initial  point 
toward  a  final  point  separated  by  500  mm.  They  were  instructed  to  shut  their 
eyes  as  the  move  began  and  not  to  open  them  until  after  the  move  was  finished. 
For  the  translation  measurements,  a  string  tensioner  was  attached  to  the  tip 
of  a  pencil-like  tool  to  measure  the  position  after  each  move.  Angular  mo¬ 
tions  were  measured  by  having  the  subjects  turn  a  potentiometer  fitted  with  a 
pointer  and  graduated  scale  between  two  fixed  angles.  The  results  of  these 
experiinents  are  listed  in  table  3. 


Table  3 

STANDARD  DEVIATIONS  FOR  SINGLE -AXIS  MOVES 


Manipulator 

(mm) 

- - — 

(degrees) 

Human  hand 

7.5 

5.4 

Ames 

28 

3.7 

Rancho 

29 

4.7 
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In  this  two-phase  approach,  the  Initial  uncertainty  is  zero  because  the 
position  of  the  tool  is  known.  The  intermediate  uncertainty  of  the  normal 
distribution  of  errors  after  the  open-loop  move  is 


H  =  log.,  v2-e  C  =  2.05  -  log,  c,  (7) 

intermediate  2 


where  c  is  the  standard  deviation  of  the  normal  distribution.  We  assume  that 
the  shape  of  the  distribution  after  final  positioning  is  the  clipped  dis¬ 
tribution  shown  in  figure  9.  Its  uncertainty  is  approximately  that  of  a 
rectangular  distribution  if  2.x  is  small, 


final 


log2 


\  <  2- 


(3) 


and  is  approximately  that  of  the  original  distribution  if  cx  is  large^ 


H 


final 


4  H 


initial 


Ax  >  5c 


«'9) 


The  reduction  in  uncertalntv  for  intermediate  values 

of  Ax  obtained  by  numerical  integration  are  plotted  in  figure  10. 

If  the  translational  and  rotational  errors  given  in  table  3.  which 
are  measured  on  only  one  axis,  are  assumed  valid  for  all  axes,  then  the 
uncertainty  after  the  open-loop  move  can  be  calculated.  Using  the  dimen¬ 
sional  tolerances  for  the  task  board,  in- .table  1,  the  standard  deviations 
in  table  3,  and  the  formulation  in  figure  10,  we  obtained  the  indices  of 
difficulty  for  each  manipulator,  as  plotted  in  figure  11. 

One  of  the  surprising  results  of  this  analysis  is  that  there  is  ver, 
little  difference  in  difficulty  between  the  2-,  3-,  and  A-DOC  tasks.  The 
orientational  constraints  introduced  by  these  tasks  are  much  less  than  the 
open-loop  positioning  ability  of  the  subjects.  The  round -bottomed  tools 
employed  in  the  first  four  tasks  may  also  have  less  than  the  calculated 
difficulty  because  of  their  self-guiding  behavior  when  inserted  into  the 
hole. 


654 


iGURE  11 


experimental  results  with  new  index  of  .  .wJi..  ■ 


f  task  model  is  that  the  O-DOC  task  has  practically 

zero  difficulty  because  the  formulation  [equation 

inserted  with  the  eyes  c  ose  '  measure  for  the  O-DOC 

(2):  yields  a  transport  therblig  which  is  assumed  constant 

cask  is  then  the  time  for  the  tr  P  difference 

for  all  the  tasks.  A  secon  resolved  into  different  time  factors. 

bet«em  „anlpulacot  are  aorm.lia.'l  by  dividing  by  tba 

roc'r.sr::^:"rL::.  nnp.n.pbnn 

“Sd"  Iuf'u"uy--andT:.««d  Ibal  -UlpU.a  bba  flr.l-a  cansaanl  for 

each  TTianipulator . 

,  T  ?  *.U3 *-■*.•  fhp  rssultS  ar6  not  lin6ar  at 

The  disadvantage  of  the  ^o  .....estimating  the  difficulties 

high  difficult.es  This  have 

on  the  3*,  4-,.  an  ^  A  pos- 

the  same  difficulty,  lines  of  figure  11  may  be  the  lim- 

sible  explanation  for  the  _  The  small  moves  of  the  Rancho 

iced  accuracy  of  ^  cvcle  with  a  standard  deviation  of  3  mm  and 

manipulator  approach  limi  .  probability  of  entering 

xn  this  ^:^,;,::r;;3lcions  and  angles  for  each  move.  With 

Che  receptacle  within  ,nhahilitv  of  being  in  the  correct  posi- 

each  added  bit  of  .  for  example,  consider  the  probability 

cions  and  angles  .  i.  figure  3  when  the  uncertainty  of  the 

of  being  inside  the  parall  P  P  difficulty 

cool  is  described  ..;e.ing  the  parallelepiped  decreases 

(or  uncertainty),  the  p  .  doubles.  The  curve  in 

'I.!:‘r”u”derbri:“’’'rbu 
leal  form  of  the  curve  is 


T  =  0.20  1 


(1^-10. 0) 

a 


(10) 


.4  a -slope  (the  portion  where  Fitts’  law  applies), 

fnrthrsec'o^rtrre^esents  the  limited  positioning  ability  of  the  arm. 

A  real-time  operiLr^ov^LwIrf  tSrta'rgeL^  The  accuracy 

first  phase  of  motion  ^^e  je  ^P^  task. 

at  the  termination  of  this  p  ..cease  in  position  error,  the  exponential- 

This  is  followed  by  an  by  a  factor  of  2  every  0.20 

alignment  phase  in  which  the  acc  -  ^  3..  2-dOC  tasks  fall 

..co.dP  (fop  tbp  rcppp.lncy  b..  bPPn  „d„PPd  by 

in  this  region  for  the  Ranch  . 
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FIGURE  12  NORMALIZED  EXPERIMENTAL  RESULTS 


SA-4055-39 


FIGURE  13  PHASES  OF  MANIPULATION  ACTIVITY 


10.0  bits  (again  for  the  Rancho  arm),  the  random-movement  phase  begins,  cor 
responding  to  the  4-  and  5-DOC  tasks.  During  this  last  phase,  there  is 
only  a  fixed  probability  of  completing  the  task  per  unit  time. 
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A  COMPARISON  OF  MASTER -SLA\^  AND  RATE  CONTROL  IN  THE 


PRESENCE  OF  A  TRANSMISSION  TIME  DELAY 
By  Gregory  P.  Starr 
Stanford  University 


SUM-IARY 


UTien  a  time  delay  is  inserted  into  the  feedback  loop  of  a  manual  control 
system,  in  this  case  a  remote  manipulator  system,  certain  characteristics  of 
the  control  system  may  change  in  importance.  We  conducted  a  one -dimensional 
discrete  tracking  experiment  to  simulate  manipulation  and  compared  three 
controllers.  Performance  using  a  joystick  rate  controller  degraded  less  Xvith 
increasing  time  delay  chan  that  using  the  same  joystick  as  a  position  con¬ 
troller.  The  results  indicate  the  need  for  a  comparison  using  a  manipulator 
system. 


INTRODUCTION 


^'/hen  a  time  delay  is  inserted  into  the  feedback  loop  of  a  man-manipula¬ 
tor  system  as  occurs  \^;hen  the  manipulator  is  very  distant,  the  normal  tem¬ 
poral  organization  of  stimulus  and  response  is  disrupted.  This  disruption 
has  been  sho^%jn  (references  1,  2,  3)  to  be  very  detrimental  to  performance. 

Ferrell  (reference  1)  found  that  his  subjects  used  one  of  two  strategies 
to  deal  with  the  time  delay.  The  first  strategy  that  of  moving  slowly,  re¬ 
quires  the  operator  to  keep  track  of  his  movements  for  one  full  delay  period 
in  the  past  to  predict  the  position  of  the  manipulator.  This  is  very  diffi¬ 
cult  to  do  with  delays  of  several  seconds  and  operator  frustration  often 
occurs . 

The  second  strategy,  which  x^Jas  called  ’’move -and -wait'*  by  Ferrell,  was 
spontaneously  adopted  by  seven  of  his  eight  subjects.  In  the  move-and-wait 
strategy,  moves  are  made  open-loop,  i.e.  without  visual  feedback,  then  the 
control  is  held  stationary  until  the  manipulator  "catches  up."  Ferrell's 
results  were  obtained  using  a  simple  txjo  degree-of -freedom  manipulator.  In 
subsequent  experiments  Blackmer  (reference  2)  and  Black  (reference  3)  both 
observed  the  move -and -xja it  strategy  being  followed  using  a  six  degree-of - 
freedom  manipulator.  Although  all  of  these  studies  were  carried  out  using 
master-slave  position  control,  Ferrell  believed  that  the  move-and-wait  stra¬ 
tegy  x>jould  be  used  xvith  rate  control  as  xvell. 

Both  Blackmer  Black  noted  a  problem  In  using  the  move  and  wait 
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strategy:  the  subjects  often  had  trouble  holding  the  master  control  motion¬ 

less  while  waiting  for  the  manipulator  to  respond.  Undesired  "drifting"  of 
the.  control  made  it  more  difficult  for  them  to  use  the  move-and-wait  strategy. 

A  master  controller  with  an  operator-actuated  brake  which  would  provide 
positive  locking  of  the  master,  a  completely  counterbalanced  master,  or  a 
spring-centered  rate  controller  are  controllers  which  would  make  it  easier  for 
the  operator  to  hold  the  manipulator  motionless  while  waiting  for  feedback. 


Tracking  and  M'mipulation 

Some  aspects  of  manipulation  resemble  pursuit  or  compensatory  tracking. 
Many  of  the  motions  involved  in  manipulation  have  as  their  goal  the  minimi- 
2^rion  of  a  visuallv  perceived  error,  whrch  is  the  definition  of  tracKi-ng. 

The  manipulation  task  differs  from  continuous  tracking  tasks  in  that 
Qf  its  elements  except  the  manipulator  are  usually  motionless,  ano  there¬ 
fore  the  manipulation  task  is  a  self-paced  task.  In  contrast,  a  continuous 
task  requires  the  operator  to  follow  a  constantly  moving  target. 
Discrete  tracking  provides  a  situation  similar  to  manipulation,  since  i-he 
target  is  not  moving  during  the  positioning  task. 

Perhaps  the  main  difference  between  tracking  and  manipulation  is  the 
number  of  degrees  of  freedom  of  the  controlled  element.  Tracking  usually 
involves  one  or  occasionally  two  degrees  of  freedom,  while  manipulation 
ordinarily  requires  control  of  six. 

Taking  into  account  the  differences  between  tracking  and  manipulation, 
we  feel  that  a  sufficient  degree  of  commonality  exists  between  them  to  justify 
Che  use  of  a  discrete  cracking  cask  as  a  preliminary  experiment  in  an  inves¬ 
tigation  of  position  versus  rate  control  of  a  manipulator. 


EXPERIMEOT 


We  performed  a  discrete  tracking  experiment  with  controller,  target 
distance,  and  time  delay  as  the  variables.  The  task  was  to  bring  a  dot, 
the  controlled  element,  into  the  target  as  .;uickly  as  possible.  The  target 
was  represented  by  two  vertical  lines.  The  dot  and  target  were  both  dis¬ 
played  on  a  closed  circuit  TV  monitor.  The  target  lines  were  three  cm.  in 
length  and  were  0.38  cm.  apart.  The  dot  was  one  mm.  .in  diameter.  The  task 
was  completed  when  the  subject  kept  the  dot  continuously  inside  Che  target 
for  two  seconds.  After  the  completion  of  the  task,  the  target  then  appeared 
at  a  new  location  on  the  TV  monitor,  signifying  the  beginning  of  another  task. 

Generation  of  the  target  lines  and  dot  as  well  as  data  acquisition  was 
done  by  an  IBM  1800  digital  computer.  The  computer  program  which  generated 
the  display  used  a  sampling  rate  of  120  samples  per  second  to  insure  a 
flicker-free  image.  The  positions  of  the  dot  and  target  were  recorded  on 
magnetic  tape  during  each  sample  frame.  This  provided  an  accurate  recording 
of  the  subjects'  performance.  These  tapes  were  the  data  base  from  which  all 


662 


of  the  results  T^?ere  extracted. 

The  dynamics  of  the  dot  were  either  zeroth  order,  corresponding  to 
position  control,  or  first  order,  corresponding  to  rate  control.  In  neither 
case  were  effects  such  as  inertia,  damping,  or  static  friction  simulated. 


Controllers 

Three  controllers  icere  used  in  the  experiment;  two  for  position  control 
and  one  for  rate  control.  The  controllers  were  a  joystick  for  position  con¬ 
trol,  the  same  joystick  for  rate  control,  and  a  linear  displacement  position 
control.  These  controllers  were  respectively  analogous  to  the  following 
manipulator  controllers:  master-slave  control,  spring-centered  rate  control, 
and  countc r ba lanced  or  lockable  master-slave  control. 

The  Joystick  position  controller  was  originally  a  three-axis  joystick. 

We  physicallv  locked  out  the  yaw  axis  and  used  the  roll  axis  as  the  command 
axis.  Position  of  the  dot  was  proportional  to  stick  deflection  about  this 
axis.  The  joystick  was  spring  centered  but  there  was  no  detent  at  the  center 
position.  The  torque/deflection  ratio  of  the  joystick  was  1.16  newton-meter/ 
rad ian .  - 

The  second  position  controller  is  termed  a  linear  displacement  control. 
The  position  of  the  dot  was  proportional  to  the  position  of  the  controller 
handle  along  its  axis.  The  primary  reason  this  controller  was  included  for 
study  is  that  no  force  need  be  applied  to  the  controller  to  hold  it  station¬ 
ary  at  an  arbitrary  position.  This  was  true  of  the  joystick.  A  subject 
could  remove  his  hand  from  the  linear  position  control  and  the  control  would 
remain  in  position.  We  felt  that  this  would  prove  advantageous  when  ■.■sing 
the  move -and -wait  strategy. 

The  third  controller  was  the  same  joystick  previously  described,  but 
this  time  used  as  a  rate  controller.  The  characteristics  of  the  joystick 
were  the  same  as  before,  with  one  important  difference,  which  was  the  use  of 
a  centering  detent.  This  provided  a  positive  indication  of  the  center  posi¬ 
tion.  The  velocity  of  the  dot  was  proportional  to  the  deflection  from  center 
of  the  joystick.  WTien  the  operator  removed  his  hand  from  the  joystick,  the 
center  detent  insured  that  the  velocity  of  the  dot  would  be  zero. 


Controller  Gains 

One  characteristic  of  the  tracking  system  which  has  not  been  mentioned 
is  the  controller  gain,  i.e.  the  amount  of  dot  motion  produced  by  a  unit  dis¬ 
placement  of  each  controller.  The  gain  for  both  position  controllers  was 
dictated  partially  by  hardware  considerations.  The  optimal  rate  gain  was 
determined  experimentally - 

Gibbs  (reference  4)  investigated  the  choice  of  gain  in  a  position  con¬ 
trol  tracking  system  using  thumb,  hand,  and  forearm  controlled  joysticks. 

He  found  that  best  results  were  obtained  with  the  lowest  controller  gains. 

We  decided  on  the  basis  of  Gibbs*  findings  to  set  the  position  controller 


663 


gains  as  low  as  possible.  Considering  the  range  of  motion  of  the  joystick 
position  controller  and  the  nece'^sary  range  of  motion  of  the  dot,  the  resul* 

g3 ill  for  this  controller  was  33.3  cm*  of  dot  motion  per  radian  of  stick 
rotation.  In  terms  of  stick  tip  translation  the  gain  of  the  joystick  was 
2.65  cm.  of  dot  notion  per  one  cm.  of  joystick  tip  translation.  We  wished 
to  set  the  gain  of  both  position  controllers  at  the  same  value,  so  dissimilar 
gains  would  not  be  the  cause  of  differences  between  them.  The  gain  for  the 
linear  position  control  was  therefore  also  set  at  2.65  cm.  of  dot  motion  per 
one  cm.  of  handle  motion. 

We  conducted  an  experiment  to  determine  the  optimum  gain  for  our  rate 
controller.  Two  subjects,  both  right-handed  and  with  good  vision,  partici¬ 
pated  in  the  experiment.  We  investigated  six  rate  gains.  The  gains,  ex- 
pj^gggg^  ratios  of  dot  velocity  in  radians/ second  at  the  subject  s  ej»s 
divided  by  joystick  deflection  in  radians,  were  0.20,  0.50,  0.50,  O.bO, 

and  0.70  seconds*^.  The  corresponding  maximum  dot  velocities  were  9.8c, 

14.72,  19.73,  24.66,  29.89,  and  34.01  cm/second  measured  at  the  display. 

Data  were  taken  at  no  delay  and  with  a  1.5  second  time  delay. 

Each  subject  made  one  run  at  each  of  the  twelve  conditions  of  race  gain 
and  time  delay.  One  run  consisted  of  a  sequence  of  100  tasks.  WTien  the 
subject  completed  one  task,  the  target  jumped  to  a  new  position,  and  tne  next 
task  was  begun.  The  distance  from  one  target  to  the  next  was  randomized  by 
using  a  computer  subroutine  to  generate  random  numbers.  The  '"seed”  number 
for  the  subroutine  was  the  same  on  each  run,  so  the  resulting  random  se¬ 
quences  were  identical  for  all  of  the  runs. 

We  obtained  two  performance  measures:  the  sum  of  completion  times  for 
the  100  tasks  and  the  sum  of  the  distances  moved  by  the  dot  for  the  lOQ  tasks. 
The  completion  time  was  defined  as  the  time  interval  from  the  beginning  of 
the  subject's  first  move  to  the  time  when  the  dot  entered  the  target  ror  the 
last  time,  plus  one  delay  time.  This  last  delay  time  was  added  because  the 
task  cannot  be  considered  as  completed  until  the  operator  knows  it  is  com- 
oleted . 

“  1 

With  no  time  delay,  increasing  the  gain  beyond  0.30  seconds  did  not 
improve  performance  in  terms  of  comp  let  i<jn  time  or  distance  moved.  With  the 
1.5  second  time  delay,  the  0.30  second|  gain  was  the  best  in  terms  of  both 
Treasures.  Therefore  the  0.30  seconds  gain  was  selected  as  the  optimum  gain 
for  the  rate  controller. 


Me thod 

We  used  a  factorial  experimental  design.  The  factors  were  controller 
(C),  time  delay  (T),  target  distance  (D),  and  subjects  (S).  The  controllers 
were  the  joystick  position  control,  linear  position  control,  and  joystick 
^■3^0  control.  The  time  delays  were  0,  0.33,  1.0,  and  3.0  seconds,  Fi'^e 
target  distances  were  used,  1.766  cm.,  5.297  cm.,  8.828  cm,,  12,359  cm.,  and 
15.890  cm.,  all  distances  measured  on  the  screen  of  the  display.  Four  sub¬ 
jects  participated  in  the  experiment,  all  were  right-handed  with  good  vision. 

Each  subject  performed  in  two  sessions,  held  on  separate  days.  A 
session  consisted  of  12  runs,  one  at  every  condition  of  controller  and  rime 
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The 


Constraints  on  the  course  vere. 

1)  10  tasks  at  each  of  the  5  distances  must  be  presented^ 

2)  Of  these  10  casks.  5  must  require  dot  motion  from  right  to 
left  and  5  from  left  to  right. 

These  constraints,  then  combined  with  the  The  nidth 

:f rdi“£T:%brnAT^:!: 

S!,sr'c:/c”irrSi:r.’u^!t;./sftS  oi  tt.ts,  in  .tt.  4,00 

individual  positioning  tasks  were  completec. 

RESULTS 


Analysis  of  Variance 

j  1  ,cic  nf  vAr-iance  on  Che  comnleCion  times  and  found 

ve  perfomed  «”  =“„°V“;"“\rsl8ni£teent  at  the  .01  level,  as 

all  cr  the  main  etrect  (  j  ’  ’  t^e  CxDxT  interaction  ^as  sig- 

were  ail  but  one  or  .^^^Ttest°anv  of  the  lower  order  terms  containing  the 
cf'Dror’T'fa;?o;ragai;st  the  residual.  Ue  will  therefore  examine  the  re¬ 
sults  at  each  condition  of  C,  D,  and  T. 

ri,ure  1  shows  mean  completion  time  --target  distance  for  each  con-^^^ 

creller  at  each  ““„-‘i“^;,/:reTe;uUr;ir;h:v.n'“i;-?;ble  i.  A.  time  del.T 

IncteL'ed,  ierfpcLr.ee  nlth  the  rtf  5“«'ci’°Inf  l!S?cm!'taJsee 

Vith  the  IfsS  fm!  dl-stLf;  the  rate  control 

Gistar.ces,  f..  the  vpl^^itv  -r'  U  cm/i:econc^  became  a  limitation, 

system's  maximum  attainable  vc^  controller ‘did  not  comoare  as  favorably  with 
and  at  these  — tances  t  linear  position  controller,  however, 

the  joystick  position  contro  •  (jeiay  increased, 

became  the  most  efrective  the  controller  to  the  move -and- 

These  resnlts  Indlo.te  that  the  Increases, 

wait  strategy  becomes  increasingly  important  .as  tne  c-. 


Move  Analysis 

•ino  rhe  accuracy  of  individual  moves,  as  well  as  to  determine  if 
To  examine  the  accuracy  oi.  x  i„,„.  x,,  ^v,p  .jvhiects.  we  broke  down 

the  move-and-wait  strategy  was  being  employed  The  first 

2:  position  vs.  time  record  into  /T-T^^^.tfionru:;"!;  wfich  tL 

step  vas  development  of  move  criteri  ,  .  .  r  distinguish  betveen 

subject  mould  be  .  f  affTii  Ld  thosi  uhtch  mere 

moves  ..hich  »ere  coves,  since  the  subject  had 

tS%e:™!  rthf  j;:v,or-“^.for.  »hing  the  current  move,  uhile 


the  latter  vere  designated  "non  move-and-wait"  moves,  since  the  results  of 
the  last  move  had  not  yet  been  seen  when  the  current  move  was  initiated. 

The  move  criteria  in  their  final  form  consist  of  two  velocity -time  thresholds 
plus  a  time  criterion  and  a  distance  criterion.  They  were  the  following  (all 
distances  were  measured  on  the  display): 

(1)  Beginning  of  move:  velocity  greater  than  1.24  cm/second 

continuously  for  0.042  seconds. 

(2)  End  of  move:  velocity  less  than  0.52  cm/ second  continuously 

for  0.042  seconds. 

(3)  Moves  shorter  than  0.172  cm.  were  disregarded. 

(4)  If  the  elapsed  time  between  the  end  of  the  previous  move  and 
the  beginning  of  the  current  move  were  equal  to  or  greater  than 
the  delay  time,  the  current  move  was  classified  as  a  "move-and- 
wait"  move;  if  not,  then  it  was  classified  as  a  "non  move-and-wait" 
mo  V  fc . 

The  normalized  task  completion  time,  broken  down  into  periods  of  time 
spend  executing  "move-and-wait"  moves,  "non  move-and-wait"  moves,  and  time 
spend  waiting,  is  shown  in  Figure  2.  The  percentage  of  time  spent  waiting 
increases  with  time  delay,  as  expected  from  the  move-and  wait  strategy.  The 
most  interesting  aspect  of  Figure  2  is  the  comparatively  large  percentage  of 
time  spent  in  the  execution  of  "non  move-and-wait"  moves  with  the  joystick 
position  control.  At  the  3.0  second  time  delay,  the  time  spent  executing 
"non  move-and-wait"  moves  is  one-fourth  the  time  spent  executing  "move-and- 
wait"  moves.  This  indicates  a  substantial  departure  from  the  pure  move-and- 
wait  strategy  with  the  joystick  position  control.  The  linear  position  control 
exhibits  less  time  spent  in  "non  move-and-wait"  moving  and  the  joystick  rate 
controller  shows  the  least  time  spent  executing  "non  move-and-wait"  moves. 

It  appears  that  the  move-and-wait  strategy  was  adhered  to  most  rigidly 
by  subjects  \»hen  they  were  using  the  joystick  rate  control,  and  least  when 
they  were  using  the  joystick  position  control.  Greater  adherence  to  the  move- 
and-wait  strategy  does  not  necessarily  correspond  to  better  performance,  but 
in  this  experiment  they  were  correlated. 


FUTURE  RESEARCH 


The  next  step  is  comparison  of  position  control  and  rate  control  in  con¬ 
trolling  a  multi-degree-of-freedom  manipulator.  The  manipulator  control  sit¬ 
uation  is  obviously" much  more  complex  than  the  one -dimensional  task  we  have 
considered  here.  The  difficulty  of  coordinating  manipulator  joint  motions 
using  a  rate  control  system  may  more  than  compensate  for  the  ease  in  holding 
the  manipulator  stationary  during  waiting  periods.  We  are  currently  comparing 
master-slave  position  control  and  resolved  motion  rate  control  (reference  5) 
using  the  seven  degree -of -treedom  Ames  manipulator  (.-eference  6). 
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Breakdo\^n  of  normalized  completion 
rinp  into  periods  of  moving  and  waiting. 
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CONCLUDING  REMARKS 


In  this  one-dimensional  discrete  tracking  experiment  with  a  transmission 
time  delay  we  have  shown  that  the  level  of  performance  was  correlated  with 
the  subjects'  adherence  to  the  move-and-wait  strategy.  Since  manipulation 
bears  substantial  similarity  to  discrete  tracking^  controllers  for  manipu¬ 
lator  systems  in  which  there  is  a  time  delay  should  be  chosen  with  this  in 
mind.  The  particular  characteristic  of  the  controller  which  determines  its 
suitability  is  the  extent  to  which  human  operator  input  is  required  to  main¬ 
tain  a  stationary  position  of  the  controlled  element,  or  manipulator.  By 
this  criterion,  center-off  rate  controllers  and  fully  counterbalanced  (or 
equivalent  system)  position  controller.*  are  the  best  choice. 
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.an  operator  models  were  identified  utilizing  the  current 
-  techr-'sue  and  ihe  time  domain  analysis  techniques  based  on 
imum  Final  Frediczion  Error  (MFPE)  method.  Svaluazion  oi  the 
Tiaues  is  ai.med  at  in  this  report.  Analyses  were  made  c:  tne 
Im 'compensatory  cracking  tasks  involving  a  human  operator  anu 

iulaticns  using  a  h'oman  model.  ^ 

:  of  the  time  domain  techniques  are  generally  ^in  good  aocora- 
'*her  '-'oreover  one  of  tne  techniques  can  — er  i  - 

the  controlled  element  dynamics  and  the  impulse  response  of 

hnA'  consideration  of  the  correlation  between  the  hu-man  leau 
■I'  hum-’-  -kincticn  to  forecast  the  system  output  has  been  maae 
lysis  of  tue  n.ur.ar.  operator  dynamics  in  control  of  unstaole 
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e(t),  e(r.)  displayed  error 

F{x(t)}  Fourier-transform  of  x(t) 

,  /IT 

J 

MPPElM)  Multiple  Final  Prediction  Error  when  the  order  is 


M 


m(t) ,  m(n) 

controlled  element  output 

N 

data  length 

n 

sampling  time  (  =  nA  ) 

r(t),  r{n) 

remnant 

s 

Laplace  operator 

t 

time,  seconds 

Y^(jco) 

controlled  element 

yj2),  y^(T) 

describing  function  of  a  human  operate 
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fenJiiechSS;  Tor  ilenS?ying  the  human  operator  dynamics  have  been 


674 


required. 

Confining  ourselves  to  the  approaches  to  identify  the  human  operator 
dynamics,  ve  may  say  that  there  are  several  techniques  vhich  have  been  f'hlly 
discussed  and  put  in  order  in  literatures.  In  this  paper,  existing  techniques 
are  briefly  summer ined  in  the  next  section,  followed  by  the  introduction  of 
several  new'  techniques  utilizing  Akaike’s  MFPE  method,  vhich  takes  advantage 
of  the  recent  development  of  the  time  series  analysis  and  the  statistical 
system  identification.  Res^ults  of  the  new  techniques  are  compared  with  those 
obtained  cj  the  existing  well-developed  closed-loop  spectral  method.  They 
indicate  that  the  structure  of  the  human  operator  dynamics  can  be  distinctly 
expressed  by  employing  the  techuiiques  of  the  method,  and  elucidate  the 

superiority  of  the  new  techniques  to  the  existing  ones. 


REVIIIv  Or  EXISTING  IDENTIFICATICN  TECHIIIOUSS 


The  man 
ccmre^isatory 
is  the  3im:  o 
nant,  r(t). 
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mi nation  of 
The  exi 
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‘  the  lin- 
The  objec 
.e  operate 
.so,  the  ' 
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:ting  tec: 
:  roughly 
’  domain. 


ystem  treated  in  this  paper  is  confined  to  tne 
system  as  Fig.l,  where  the  human  operator  outs:, 
ar  response  to  the  displayed  error,  e(t),  and  *; 
tive  of  the  identification  is  to  determine  the 
r  model,  Yp;  namely  the  describing  function  of 
;rm  '^identif ioaticn”  is  sometimes  used  to  me?.n 
structure  and  the  parameters  in  that  linear  moc 
r.iques  for  identifying  the  human  operator  dynar 
into  the  following  five  kinds;  the  first  three 
w'hile  the  last  tw'o  are  in  the  time  domain: 


.urnan 


(A)  Closed-Loop  Spectral  Xethod  [Refs.l  hj 

Let  the  portion  irreLevant  to  the  input  in  the  human  operator  outrun  c{t) 


PU; 


cv t  ; 


j  giX^iU-I/UT 
0 


where  g(T)  is  the  closed-Loop  impulse  response  function  from  i(t)  to  o(' 
The  impulse  response  function  g(T)  may  be  determined  in  such  a  way  that 
minimises  the  variance  of  p(t).  By  using  a  fe'^  other  relationships  and 
Fourier-transform,  w’e  obtain  the  well  kncvvTi  result  as  to  the  estimate  c 
unknown  human  operator  dynamics,  as; 


Y 

pa 


V.  {» 


It  is  generally  admitted  that  this  method  can  offer  less  fluctuant 
than  the  following  two  methods. 
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(b)  Open-Loop  Spectral  Method  [Hef.3] 
If  we  minimize  the  variance  of 


r(t)  =  c(t)  -  f“y  (T)e{t-T)dT  , 

0  y 


obtain  the  second  estimate  of  the  describing  function  as  follows; 


$  (>) 
^  ^  ec 

Y  ,  (j(o)  =  - 

<t  ( ju ) 
ee 


It  is  generally  admitted  that  cares  should  be  taken  of  the  fact  that  if 


^  ,  s  -i  1 4  J 

m’rpet  Fourier-Transform  Method  [Ref. 3]  -- 

lirect  pLier-transform  of  the  signals,  e(t)  and  c(t),  can  offer  the 

estimate; 

,  >  F{c(t)}  (1^) 

"  F{ertTr 

The  describing  functions  obtained  from  the  three  methods  mentioned  above 
have  I^Luable  fluctuations  in  the  frequency  domain;  therefore  it  is  a  common 
nave  inevit  describing  functions  a  iruman  eperanor  mcae- 

i'smairnu^b^r  of'plrameters  by  the  use  of  additional  criteria. 

T-inulse  Resnonse  Function  Method  [Refs. 2, 5, 6] 

S  human  imoulse  response  function  can  be  estimateu  oy  applying  the 
.  the  criterion  cf  which  is  the  same  as  that  of  .he 

;S?hod"3  In  thrslipied  data  form  the  estimate  is  given  by 

2^.  =  [  E^E  j"Vc 
-  -  - 


c  =  [c(M),c(M+l),‘**,c(:!)]'^ 


=  fe{M)  e(M-l)***  e{2)  e(l)| 


:{N-M+1) 
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y-(ri)  (n=l,2,***)  denotes  the  time  sene: 
he  corresponding  continuous  signal  x(t)  : 
zhe  length  of  the  himian  operator  impulse 
A  describing  function  can  easily  be  es' 
ransform  of  This  method  has  an 

,v  of  the  estimate,  but  it  snculo  be  note- 
.‘'must  be  paid  to  this  method.  hao^  al 

of  estimating  an  element  in  a  feedback 
unbiased  estimate  unless  the  remnan^  -s 
fnogonal  filter  method  uses  the  casicaiay 

o  J- 


-'1- » 
hit 


h  is  ass'-mied  to 
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i  by  carrying 
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on  :: tinted  out 
it  is  not  possi- 
[Ref.T].  Also 
criterion  as 


(E)  Improved  Impulse  Response  Function ^Method 
The  second  named,  author  has  succeeded  i*i  o 
isting  in  the  preceding  method  by  pre-vn^tening 
assumes  the  remnant  to  be  a  shaped  output  oi  a 
a  discrete  autoregressive  form  by 


'(n)  =  y  h(l)r(n-^^)  +  £(n) 


where  e(n)  (n=^,-,  —  ”  h  x  t  „ 

autoregressive  e -ofiici-nts  of  r(n).  ?r.en,  a{l-  ^=1,-,  ", 
(in=l,  2,  are  es^imaoed  by  applyi^ig  the  leas*.  _  squares  au 

critAion  of  vhioh  is  the  niininisation  of  the  variance  o:  t-v 
cedure  gives  a  good  estimate  regardless  of  t.ue  existence  - 


’  ,:i)  is  a  white  noise  process,  an: 
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in  the  ^receding  section  is  essentia-ly  : 
in  chat  it  estimates  tne  remnant  parr^.t,t  nt. 
r  )  parameters.  It,  however,  has  a  difficu: 
arameters  to  be  estimated.  liamely ,  thougn  : 
■lity  to  reproduce  the  experimental  data  vi* 
arameters,  the  value  of  each  estimated  para: 
Recently  a  very  practical  -criterion  tc^  detej 
een  oroposed  by  Akaihe  [r.ef.T_;,  and  a  tri.-^ 
_uced  here. 

r  the  case  of  model  identification  when  tne 
rding  to  a  properly  selected  regression  cri' 
utoregressive  model  can  be  fitteu  to  the  la 
d  stationary  and  zero-mean: 


x(n} 


I  A..(m)x{n-m)  +  £_(n) 


\  lere 


677 


T 

=  Tx.  (n),x,(n),’**,x,.(n)]  , 

—  •  '  J. 

and  e(n)  is  a  k-dimensional  white  noise  vector  given  by 
e(n)  =  [e^(n),£2(n)  , 

the  elenents  of  which  are  assumed  to  be  mutually  independent. 


Ajlso,  in  iq. 


A.,  (m) 


^Lll^”^  *** 


Lll 


.^Lkl(“^ 


^Lkk^“^ 


j  {n=l,2,*** ,L) 


denotin'^  the  m-th  kxk-dinensional  autoregressive  coefficient  matrix  when  tne 
order  of  regression  is  selected  to  be  L.  Values  of  ^(m)  and  tne  estimated 
variance  matrix  of  e(n),  denoted  by  d  are  deterained  by  maxing  use  oi  .he 
estimated  variance  ^trix  of  x(n),  denoted  by  C(M  (A=l,2,- • • ,L)  as  follows: 
where 

d.  = 


2  2  -  > 
'^11^12  *•* 


^o^  ^P2 


kl 


2  t 

. 


and 


C(Z) 


C^PZ)  c,^({.)  ••• 


C2i(0  =22^"^ 


,  (J.=l,2,-**  ,L), 


also 


C..()i)  =  I  x^(n+2-)x  (n)  ,  (J!.=l,2,* ••  ,L)  .  (9) 

'  n=l  ^ 


ij 


Upon  multiplying  the  i-th  equation  of  Eq.  (8)  by  x,^(a-2.),  we  ootain 

x.(n)x.  (n~Z)  =  I  X  a  (m)x,(n-m)xj^(n-i)  +  e.(n)x^(n-^)  .  (10) 

^  m=l  j=l  “  " 

On  taking  the  expectation  of  the  both  sides  of  Eq.  (10),  we  obtain  the  .olio. 
ing"k-dimensional  Yu.le-Walker  equations; 

Y  (il)  =  I  I  a.  .  .(n)y.Ji-m)  ,  (h=l,2,**- ,k;Jl=l,2,*-- ,L)  ,  (11) 

.  m=l  j=l 
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where  v 
tiou  ZL 

Gi j (^ ) 
t ime ,  f 


The  cal 
noted  t' 
(ni=i,2,' 
cess  31' 
to  dete! 
criteri^ 


..  (Q 


denotes  the  covariance  between  xf  and  x>> 


that  the  exrecta- 


By  substitutinsr  the  estinat*^ 


;i(n)  ,Xh(ri-A. )]  vanishes  when  I  > 

'or  Yij(^)?  solve  Eq.  (ll)  for  AL(ni)  (n=l  ,2 ,•  •  •  ,L) . 

•cm  Eq.(3),  ^  is  obtained  by  using  ^(m)  as; 


:ame 


d.  =  C(0)  -  I  £-(ni)r(ni) 
"  ^1=1 


:ulaticn  can  be  performed  by  an  iterative  procedure,  where  it 
:at  the  lo'wer  order  coefficients  Ar^i  (m)  (m=l,2,* •  •  ,l-l) ,  ^-2 
'  •  •  ,L-2)  ,  ^(m)  (n-l)  are  also  obtained  d'oring  the  iterati 

determining  ^(n)  (m^l  ,2 ,•  •  •  ,L) .  Then,  the  Akaihe’s  method  rr 
•mine  the  order  M  as  the  value  of  L  which  minimizes  the  follow'd 


ce 


ve  rrc- 


=E(L)  =  (i  .  - 


jk  + 


(13) 


This  is  called  the  multiple  final  prediction  error,  which 
square  error  of  the  one-step-ahead  predict ion  o' 
coefficients  ^(m)  (m=l  ,2 ,  •  •  •  ,L ) .  In  Ec.(l2), 
of  and  1;  is  the  number  of  data  points. 


I  ^  -r 


using  tne  estimatea 


The  present  methcu,  which  wull  he  called  Akaike^s  ir?Z 
has  been  applied  by  the  first  nar.ed  author  to  identifying  c 
dynamics  in  the  control  si'stem  shown  in  Fig. 1.  By  the  use 


'TO  -f  — 


the  fcllowung  techniques  have  been  developed: 

(l)  The  luPE  Method  Utilizing?  Data  of  e(t)  and  c^t'' 

A  two— iimensional  autoregressive  model  by  the  use  of  e- 
determined  first.  Then,  after  checking  the  model  appropri::,* 
values  ::  the  off-diagonal  elements  of  (nameip',  the  -.-st: 
covariance  of  the  white  noises  be  verp’  small  cemnared  with  " 
elements,  )  we  o stain  from  Ec.(3)  the  autoregressive  equati: 
c(n;  in  a  matrix  form  as 


-  \ 


;  ana  c ; * 
ness  bv  "" 
.ated  cro: 


o(n) 

’i, y 5)  ^2^°^ 

c(n) 

a.,  c;|e(n)| 

+ 

e  ( n  / 

1 

•If  3)  A,y5) 

e(n) 

(1-; 


where 


A^.PS)  =  a,^,(i)5  +  +  •••  +  a,  Sli-W,  (i,.;=l,2; 
3x(n)  =  x(n-l)  [Refs. 9  axd  lO]  . 

M  is  the  order  of  the  model  determined  t\’  MFFE,  and  Cp(n)  (i=l,2)  denote 
noise  process  of  unit  variance,  w'hich  are  independent  of  each  other.  It 
should  be  noted  that  £q(n)  u=  C)ii5l("0]  and  Tpgip--)-  ^.re  the  e. 
mated  noise  sources  of  the  remnant  r(n)  and  the  external  forcing  function 
i(n),  respectivelp',  as  shown  in  Fig. 2, 


wnite 
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r 


Tlnsn ,  W6  obt^ain  rrom  t-hG  Tirsb  Gc^.ua'tion  of*  Eq,«(l^)j 
{l  -  A^^(3)}c(n)  =  A^^{B)e{n)  + 

and  consequently 

=(»>  =  T^fBT  '•“*  *  1  -  'i'"*  ■ 

Tnerefore  an  estimate  of  the  human  impulse  response  function  is  given  by 


Ai2(B) 


The  ocerator  3  can  be  replaced  by  exp{-j(DAm)  to  get  the  frequency  response 
function  as; 

^  A.  ^  ( jui ) 


A.  .(>)  =  I  a,  ,(m)  . 

m=l 

’^0.(17)  will  be  called  the  first  estimate  of  the  describing  function. 
Mc'Aover,  aii  estimated  shaping  filter  of  the  remnant  is  given  by 


F^(jtj)  = 


•“■11^"'"' 


^rom  the  second  ecuation  in  Ea.  (ll*),  an  estimate  of  th--  controlled 
element  frequency  response  and  the  shaping  filter  of  the  forcing  function  ar, 
also  given  by 


-Y^(j(o) 


1  - 


=  1  -  A22(J^ 


respectively. 

(2)  The  MFPE  Method  Utilising  i(t)  and  c(t) 

An  estimate  of  the  clgsed-loop  frequency  response,  Y.^(ja))  is  calculate 
as  before.  Making  use  of  Yic(J“)  and  the  known  Yc(.jt))  gives  the  second 
estimate  of  the  describing  function  as; 

Y  ( '’w) 

-  .  .  V  ^  _  (oi  ^ 


Yp2(j(D)  =  1  _  Y  (jw)y  (joii 
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l^]  “le  I-IFPE  :'ethod  Utilizing  e(t)  and  r:(t) 

:_n  ,-stir.ate  of  the  open-loop  frequency  resrcnse  from  e(ri) 

is  calculated.  3y  maki.ng  use  of  Ye!t(J<^/  "-'’•a  ' 

third  estimate  is  given  oy 

1  (j“)  , 

__em _  (2^;- 

■  Y  (lu) 


DIGIT.U  SIi!ULATIOnS 


ifore  trcceeding  to  the  i 


identification  cf  a  h'uaan  operator  dynamics, 


ii.gital  siinulation:^ 
Ihe  hloch  diagram  : 


out  to  check  the  validity  Oi 


■ivn omits  wers 


the  simulations  : 
id  the  known  filter 


2s  +  9 


f  3  -  - d-  —  e* 

^ '  ■  1  +  0 .  c:5 


in  rig.l,  where  the 
^ndinit  to  the  human 


The  simulated  system  vas  driven  :y  tvo  random  numttr 
='■— lilted  incut  and  the  other  for  the  simulated  remnont. 
‘i-a  ana'"~es  vere  carried  out  to  cctain  Y-.i,  fc2 

hharedlith  the  theoretical  results,  -cdmolei  are*  sho^-m  in  Figs.o 


:ouna  tna. 


:c  oe  nearly 


of  indetendency  fr:m  tne  int-uuer 


is,  from  small  to  large,  Igl^ 


HUmi'I  IRACKIIIG  DATA  AliU  .r.jLir.  nm- 


lext ,  single^locp  compensatory  tracr.xn^ 
:or  as  shc^vn  in  Fig. 7  were  carried  out. 
e  experiments,  and  the  following  twelve 
sized  bv  an  analogue  computer: 


criments  invciving  a  niman 
ree  male  subjects  participate': 
is  of  controlled  elements  wer? 


6SL 


03 


Y  (s)  = 


n 


o  2 

5^  +  2C0)  s  +  03 
n  n 


(26) 


with  03j.  =  3,  5  [rad/s^c. 
The  forcing  function  vas 


,  and  1^  =  0.i6T»  0,  -0.167 ?  -0.333. 

generated  by  shaping  a  vhite  noise  by 


22.5  ^  100 

(s  +  1.5)^  (s  +  10)^ 


(2-) 


Data  reductions  vere  inrlemented  on 
and  FACOM  230-T;  conpucer. 


NAL  magnetic -tape -data 


reduction 


system 


RESULTS  OF  KUyiAII  TRACKING  DATA  AI'IALYSIS 


The 


peohnicues  investigated  vere  ^?2  ^?3; 


'i  =  2-1  LoecJ.  The  number  of  the  data  points,  N,  vas  12C0 
utes  K  and  tU  nL.ber  :f  variance  functions  used  vas  100  (  nen 


Also  for  Y„a.  Hamming-vir.dow  was  used. 

the  h^iman  operator  describing 


Example 


functions  of 


H-.e '  1-4  irTT,  F/T  9/(=5-s-9)  =- 

'•'•vel"'  They  show  aocd  accordance  with  each  other,  an  order  -o 

identUied  models  with  she  describing  function  based  on  the  spec: 

^  ,  ,  , _ TTvfs-ir'Ipq  are  snovn  : 


ana  i^a - -  -  ,  v 

-na  1',  where  it  ca^n  It:  ooserved  that  ipi  ana  .pa  .n  g^  ^  _ 

It  is  noted,  however,  that  the  off-diagonal  element  of  ^’.5  o 
v.a-r“3’iv-=  ncdel  of  cakes  a  relatively  high  value;  thereior. 

lI.'-OIhisL.oc  always  successful.  Also  caution  has  to  be  paid  to 
of  u'he  relative  noise  oonoribution  to  confirm  the  effectiveness 
-ified  models:  ihe  relaiive  noise  contribution  *ninu)  is  deiir.ei 
Uiomo-ion  of  one  mutual  independence  of  ei(n)'s  in  Eq.(8)  as 


---v-  - - - w - 

are  plotted  tne  over  the  other.  Examples  are  sno 


.ras  c  no  sen 
ten  min- 
iconds  ) . 

:-2 

,  respec- 
tcmpare  the 
ral  analysis, 
n  Figs. 12 

w  no  n  s.#  • 

;f  the  auto- 
:he  modeling 
■:he  values 
f  the  iden- 

•  r'  IT.  >•  r  i~ 


.(cs)  = 


1  .  .  (u)) 

_iL__ 

Tli^ 


where  o-:.-(w)  is  the  rower  spectrsm  of  xi(n),  and  qij(u))  =  |u^(u.. 
the  contribution  from  each  noise  source  to  the  total  power  Oi  X£ 
[A((i))]-Vi3  (i,.:) -element  of  [Mw)]--^, 

A(u))  =  )  ^  (m)exp(-j(j)An) 

where  Am(0)  =  -I,  and  is  the  variance  of  £j(n).  The  relative^ 
contribution  of  the  noise  source  of  i(n)  to  c(n)  is  otter,  in  . 
is  unstable;  this  may  suggest  that  in  this  case  the  .numan  o?e-' 


5) 

“-1  2 

-o  1  ^ 

n). 


... 

Pilot-Induced-rsciluation, 

An  example  o*?  the  c'^mparison  between  the  modex  output 


e  noise 
level  when 
rater  is  in 


c*(n;,  which  is 
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commuted  through  the  convolution  o: 
hunan  operator  actual  output  data, 
that  the  linear  t:cdel  of  ypl  ^cccu: 
out tut . 


^l{3)  and  e(n)  of  the  data,  and  the 
is  shown  in  Fig.l^.  It  is  indicat 
for  a  considerable  portisn  of  the  h'lin 


30:.E  CBIZFVAIICyS  C3TAIIIF1  rllM 


Several  observations  obtained  iron  the  identified  human  cterator  model, 
may  be  s’arjnarited  as  follows: 

,*3  ^’airlv  clear  that  the  describing  functions  of  the  h'-ran  operator 
in  controlling  the  elements; 

^  ^  -1-  -  --- 
3  ’  s  -  : 

bv  the  crossover  moiel,  whereas  tncse  in  controlling  an 
unstable" Acend-:rhr  cystem  can  be  atprcximated  by 

1  +  13  +  r.'s'  .  _ 


(2)  Sxa.mpl5s  of^ 

F-l-  ^  ^  ’ 

respect ively ,  ini 

icate  t" 

impulse  response 

of  the  ' 

and  is  relatively 

omalle: 

shov-n  for  1,  =  1  and  9/is^-3+9)  in  Fijo.lt  and  1 
niiSate  that  the  net  'Irr.e  delay,  which  is  the  dead 
-  c'  the  human  operatzr,  ty,  seems  to  ce  aoout  ..a  -j.-  ^ 


c*ved  that  wh:en  she  sontr 


(2)  It  is  often  observed  that  v..er 
exists  a  human  lead  operation  whicr 
-ro'-ator  aescribin-  function. 

^  ;:.;A'  l'e--tcr  beromeo  f:ur.iliar  wi-.n  the  system  d;,,-namic.o ,  he  can  rras?  t 
^,nl'Ate-’-st-C3  :f  --he  controlled  element  and  predict  the  output  of  the  co 
AclieHement  >.e:'.o].  Ihis  leads  as  to  consider  that  the  first-  ana  tc 
’  ead  terms  in  human  mciils  may  indicate  tne  r.uman  operator's 
faction  to  forecast  the  output  of  tae  controlled  element. 

df^scribinm  functions  ar.i  7^  nave  proved  to  ce  ncari.^.  correct 

Jhe  frecuencv  range  between  0  and  II  _rai/secj.  Also,  tne  dessrictng^func 


trolled  element  is  'instable,  t:: 
essed  by  the  lead  terms  in  the 
luite  natural  to  sres'ime  that  > 


however,  ii  has  no  tendency  of  dep' 


LaiHi*  rii--.- - ». 


The  lines 
which  have  ce^ 
identified  by 


Ls  of  a  human 
Ldered  so  far 
?!>  method-  Td 


:cntrolling  unstable  systems, 
i  00  estimate,  have  ceen  preci 
s  have  proved  to  be  successful 


tn  4^ 


expressing  a  considerable  part  of  the  human  ope-^aticn. 

rpVio  1  rien  ^  at  ion  technic^ues  utilizing  the  recentl, 

eries  analysis  can  offer  very  evident  results.  It  may 
hese  techniques  are  effective  tools  to  analyze  the  man-i 
and  that  Y-p  offers  the  most  information  among  the  three 
noted  that  cn  crder  to  validate  ^he  monel ^  xU-^l  a^/uen-z^c. 
variance  matrix  of  noise  sources,  the  coherency  and  the 
tribution.  As  this  MFPE  method  is  primarily  quite  effec 
multi-variable  systems,  it  Is  expected  to  become  one  of 
for  mult i -variable  system  analyses. 


/  uev 
be  cc 
mac  hi 


tive 

indii 


elcpeu  time 
ncluded  that 
ne  systems  with, 
t,  it  should  be 
t  be  paid  to  the 
-ive  noise  con- 
when  applied  to 
tensable  tools 
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Describing  Rotwifr  '  Operator 


Block  Diagram  of  Compensatory  System  by  MFPE  Method 


-.06s) 
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Ik  4  Comparison  between  Human  Output  (  c(n)  )  and  Model  Output 
'  c*(n)’)  Computed  through  Error  (  e(n)  )  and  Identified  Human  Impulse 


igure  15.  y  n(x) 


The  City  College  of  The  City  University  of  New  York 
New  York,  N.  Y.  i0031 

SUM-IARY 


The  p'-irpose  of  tnis  paper  is  twofold.  The  first  part  describes  an  adap¬ 
tive  identification  technique  for  updating  the  parameters  of  a  mathematical 
model  and  in  the  second  part  it  is  shcvjn  how  the  identification  process  may 
be  iir.plemer.cad  through  a  microcomputer  system  consisting  of  a  microprocessor 
(C?U  unit) , "hams,  ROMs,  I/O  devices,  a  clock  generator  and  other  interfaces. 


INTRODUCTION 


The  identification  technique  is  formulated  using  a  model-reference  sys¬ 
tem  approach  in  conjunction  with  Liapunov's  direct  method  to  insure  the  con¬ 
vergence  of  the  identification  process.  An  appropriate  Liapunov  function  is 
chosen  whose  time  derivative  provides  the  identification  law  equations.  An 
important  feature  is  the  simplicity  of  the  system  adaptive  laws  which  are 
^  ir^o  ’""'i.T.iti'.’e  fcrr.s  for  easier  i.'opleitier.tiifior.  on  the  microccni- 

puter*.  These  adaptive  laws  depend  explicitly  on  the  model-reference  system 
state  variables  and  input.  Therefore,  in  this  identification  technique  it  is 
assumed  thac  the  entire  state  vector  is  knovm  or  accessible  for  measurement. 

The  dccced  block  in  Fig.  1.  shows  the  part  of  the  identification  process 
v/hich  is  to  be  realiced  by  the  microcomputer .  r  igure  2 .  describes  the  se¬ 
quence  of  ooerations  performed  by  the  microcomputer  in  the  process  of  identi¬ 
fication.  The  idei.tification  process  is  a  program  on  3  ROMs  each  serving 
a  specific  ourpose.  The  RAMs  contain  the  initial,  intermediate  and  final 
identified  ^del  as  well  as  the  system  input,  state  vectors  and  various  ma¬ 
trices  used  in  the  process  of  identification.  The  RAMs  are  also  used  for 
intermediate  steps  of  calculations  which  need  to  be  stored. 


DERIVATION  OF  THE  IDENTIFICATION  LAV/  EQUATIONS 


A  block  diagram  depicting  the  identification  process  is  given  in  Fig.  1. 


Let  the  reference  system  be  described  by 
z  =  A^  +  Hr 

Tnis  research  is  supported  by  NASA  Langley  Research  Center,  Grant  No.  NSG1169 
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and  the  ntodel  to  be  identified  by 

x=Kx+(B-K)  z  +  Cr 


(2) 


where  z,  x  are  the  state  vectors  each  of  order  n,  K  is  a  stable  n  x  n  ir.atri<, 
r  is  the  Tnput  vector  of  order  m.  Matrices  A,  5,  C  and  H  are  initially  dir- 
ferent.  The  objective  of  the  identification  process  is  to  generate  a  scheme 
that  dynamically  adjusts  the  elements  of  matrices  5  and  C  so  that 


lim  3  =  A 


lim  C 
t-^co 


H 


lim  (x  -  £)  =  lin  e  =  0 
DefLne  the  misalignment  of  the  matrices  as 

iL 

(B  -  A)  =  b^  h 

iL 


(3) 

(4) 

(5) 


(C  -  H) 


r”  T 


(6) 


where  b.  and  d.  are  constant  column  vectors  witr.  i-ch  rov;  as  1  and  all  otner 
rows  being  zero  and  u^  and  w^.  are  the  misalignmenc  vectTS.  tlext,  define 
the  model-reference  system  error  as 


e  =  (x  -  z) 

The  time  derivative  of  (3)  yields 

i  =  i  “  i 

Substitution  of  (1)  and  (2)  into  (9)  yields  the  following  differential 
equation  for  the  error 

e  =  K(x  -  z)  +  (3  -  A)  z  +  (C  -  H)  r 

using  (6),  (7)  and  (8),  Eq.  (10)  can  be  rewritten  as 


-  Ke  * 


'  U 

r -  rp 

\  h  AX  Z 


1 

1  7.  + 

^  d  .vr  1 

J- 

Ly_  -1-1  j 

(5) 


(9) 


(10) 


(11) 
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1 


X 


Equation  (11)  may  be  viewed  as  consisting  of  (2n  +  1)  pertubations  u^, 

and  e.  An  appropriate  Liapunov  function  should  be  positive  definite  in  error 
as  well  as  other  perturbations.  Therefore,  one  may  choose  a  Liapunov  func¬ 
tion  of  the  form 

V  =  Ae  +  ^  utN.u.  H.  ^  w^Q.w. 
c  =  l  izi 

Where  M,  M.  and  are  positive  definite  symmetric  matrices.  For  simplicity 

Q  and  M  mav  be  selected  as  diaconal  matrices  with  positive  elements,  i.e. 
i  1  ^ 


:I.  -  diaaonal 


and 


Q^.  =  diagonal  j 


1  6  2  ^  n 
1  £  j  £  n 


(13) 

(14) 


The  time  derivative  of  V  yields 

/V 

rp  rp 

V 


*  T  m  T  T  I 

V  =  e  (K'M  +  MK)e  +  2  \  ii 


(15) 


Liapunovas  criterion  for  stability  calls  for  V  >  0  and  V  £  G.  One  way  to 
comply  with  Liapunovas  criterion  for  stability  and  to  generate  the  controller 
equations  is  to  let 


k'^M  +  r-K  =  -  D 

(16) 

u .  =  -  z  (b  .Me)il. 

—1  —  1—1 

(17) 

•  T  T  T  -1 

w.  a  -  r  (d.Me)Q. 

—1  —  —1  —  X 

(IS) 

diagonal  j  1  £  i  £  n 

(19) 

Differentiating  Eqs.  (6)  and  (7)  and  assuming  that  the  system  matrices  A  and 
H  can  be  considered  time  invariant  during  the  identification  interval,  one 
obtains 

a 

B  '  ’ 


B 


(20) 


LZi 
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Substitution  of  (17)  and  (13)  into  (20)  and  (21)  respectively  yields 


(22 


(23) 


antecratinc  (22)  and  (23)  yields 


-=-o-( 


\ 


and 


(24) 


(25) 


’/here  and  are  initially  assumed  model  matrice'^.  Substitution  of  (24) 
and  1.25)  jLnoo  Iq.  (2)  yives  u::e  finrl  model  representation 


+ 


)  d.r*(d:::e)Q.^ 

—1—  —1  —  X 


( 26) 


The  dotted  block  in  Fig.  1.  shov;s  t'ne  part  of 
to  be  realized  by  the  microcomputer  system  and  the 
microcomputer  hardware  needed  for  implementing  the 


the  identification  process 
next  section  describes  the 
identification  trocess. 


MICROCOMPUTER  H;\RDVJARE  FOR  IDEMTIFICATIOM  PROCESS 


The  identification  process  based  upon  the  adaptive  laws  described  in  the 
prp^/■^ ous  section  can  oe  implemented  on  a  micrccom.puter  syst'  .i  shovmj  in  Fia.  3 
The  microcomputer  system  accepts  the  reference  system  input  and  states  as 


,  .  4-^  ,^,4  model  and  identification  matrices  as  digital  in- 

"r  nal'o  SSSs  S  co^erted  to  digital  equivalents  by  A/D  con- 
puts,  xhe  ^  which  takes  in  an  analog  signal  and  puts 

verters  such  as  f '  t^e  initial  model  and  identifica- 

S  iSn,  With  proper  interf.ce  to  the 

tion  matrices,  ^  i3  Intel's  8251  -  prograiturable ,  synchro- 

nous%swchronous  communication  interface,  which  accepts  serial  informatiOT 
from^the  teletype,  constructs  3-bit  words  and  presents  to  the  computer.  The 
from  to  prLnt  out  the  identified  model  parameters.  In 

SansStting  mode,  it  accepts  8-bit  words  and  converts  to  serial  information 
to  drive  the  teletype*. 

The  initial  and  intermediate  model  parameters  ai.ong  with  the  identifica¬ 
tion  matrices  and  signals  from  the  reference  system  are  stored  in  256  byte 
which  can  be  constmucted  from  a  pair  of  256x4  chips.^  ^put 
and  output  buffering  for  the  RAIl  meirory  can  be  constructed  us^g  n^.el  s 
data  buffers* 

T'-e  identi^^ication  alcorichm  is  stored  in  8  different  ROM  chips  such  as 
ln+-el'=  3303  ROM  which  is  1024x8  bit  and  stores  up  to  1024  byres,  .^.e  total 
S^ramminc  memory  will  be  3K,  which  is  quite  sufficient  for_the  identifica- 
tnm  •h-  a  =econd  order  system.  ROM  memory  chip  selection  unit  can  ..e  con- 

3^05  -  one  out  of  eight  decoder.  For  a  higher  order 

Sc-^ncr.  -ystem  it  may  be  necessary  to  expand  the  ROM  memory. 

'  nricram  execution  takes  place  Ln  the  CPU  such  as  Intel's  8080  micro- 

r>roces=o-''  The  CPU  is  run  by  a  two  phase  clock  generator  ana  driver  such  as 
proces  o- .  consisting  of  ROMs,  RAMs,  A/D  converters, 

x.'^T^2.,n_''a-d*CPU  is  coordinated  by  the  system  controller  unit  such  as  ^tel  s 
8228 .'"to  *sar./ice~interrupts  from  various  I/O  devices,  Intel's  8214  prion  y 
interrupt:  conrrol  unit  may  oe  used. 


COMCLUDHIG  REMARKS 


-ie  have  described  an  identification  technique  based  upon  Liapunov's 
4.  in  coniunction  v;ith  a  model-reference  system  configuration. 

T^radaotive  laws  are  partitioned  so  that  they  can  be  implement^  on  ^ 
computer  system.  The  later  part  of  the  paper  shows  * 

ina^the  identification  technique  on  a  microcomputer  system,  -aster  inpl 
mentation  can  be  achieved  by  using  the  microprocessor  in  conjmction  with 
hardware  multipliers  and  linear  circuits  (such  as  integrators). 
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